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SERRE-TATE THEORY FOR CALABI-YAU VARIETIES

PIOTR ACHINGER AND MACIEJ ZDANOWICZ

ABsTRACT. Classical Serre-Tate theory describes deformations of ordinary abelian va-
rieties. It implies that every such variety has a canonical lift to characteristic zero and
equips its local moduli space with a Frobenius lifting and canonical multiplicative coor-
dinates. A variant of this theory has been obtained for ordinary K3 surfaces by Nygaard
and Ogus.

In this paper, we construct canonical liftings modulo p? of varieties with trivial canon-
ical class which are ordinary in the weak sense that the Frobenius acts bijectively on the
top cohomology of the structure sheaf. Consequently, we obtain a Frobenius lifting on
the moduli space of such varieties. The quite explicit construction uses Frobenius split-
tings and a relative version of Witt vectors of length two. If the variety has a smooth
deformation space and bijective first higher Hasse-Witt operation, the Frobenius lifting
gives rise to canonical coordinates. One of the key features of our liftings is that the
crystalline Frobenius preserves the Hodge filtration.

We also extend Nygaard’s approach from K3 surfaces to higher dimensions, and show
that no nontrivial families of such varieties exist over simply connected bases with no
global one-forms.

1. INTRODUCTION

1.1. Deformations of varieties with trivial canonical class. Let X be a smooth
and projective algebraic variety with trivial canonical class (i.e. ¢1(X) = 0 € Pic X) over
an algebraically closed field k. A fundamental result, due to Bogomolov [Bog78|, Tian
[Tia87], and Todorov [Tod89] (see also [Kaw92, Kaw97, Ran92|), and called the BTT
theorem, states that if & = C, then deformations of X are unobstructed; in other words,
its local deformation space — or Kuranishi space — is smooth. Moreover, the base of
a modular family of such X carries a structure of an affine manifold [LS13] (equivalently,
a torsion-free flat holomorphic connection on the tangent bundle), giving rise to local
canonical flat coordinates.

In contrast, if £ has characteristic p > 0, then the assertion of the BTT theorem is
no longer true (see e.g. [Hir99, Sch04]), even if one considers deformations in the equi-
characteristic direction [CvS09, Proposition 5.4]. Important results towards a charac-
teristic p version of the BTT theorem were given by Schroer [Sch03] and Ekedahl and
Shepherd-Barron [ESB05], but in general the deformation theory of varieties with trivial
canonical class in positive characteristic remains a mystery (for example, both aforemen-
tioned results require liftability to characteristic zero to prove unobstructedness).

On the other hand, all known examples of varieties with trivial canonical class in positive
characteristic which do not lift to characteristic zero are ‘supersingular’ in the broad sense
that the Hasse-Witt operation, i.e. the map

(1.1.1) F*: HY(X,O0x) — HYX,0x), d=dimX

induced by the absolute Frobenius, vanishes. It is a natural expectation (which we have
not seen stated explicitly in the literature) that this is the case in general. More precisely,
we conjecture the following.
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Conjecture 1.1.1. Let X be a smooth projective variety with trivial canonical class over
an algebraically closed field of characteristic p > 0. Suppose that the Hasse—Witt operation
(1.1.1) is bijective. Then X has unobstructed deformations over the ring of Witt vectors
W (k) of k.

The goal of this paper is to investigate the deformation theory of varieties with trivial
canonical class for which (1.1.1) is bijective, with a special focus on deformations mod-
ulo p?.

1.2. Classical Serre—Tate theory. In the important case of ordinary abelian varieties,
a complete description of the deformation problem was given by Serre and Tate [Kat81,
Del81]. Let us summarize the main points of this description: let A be an ordinary abelian
variety (or, somewhat more generally, an ordinary variety with trivial tangent bundle
[MS87]) over a perfect field k of characteristic p, and let Def 4 be its formal deformation
space over W (k). Then:

e Def 4 has the structure of a formal group, in fact a formal torus, over W (k),
e Def 4 has a canonical lifting of Frobenius F (the p-th power map in the group law),
e Def 47 has canonical multiplicative coordinates (dependent on the choice of basis

of the p-adic Tate module T),(A(k))), i.e. there is a preferred isomorphism
Def 47 = Spf W (k)[[gi; — 1, 1 < i,j < dim AJ].

They are compatible with the Frobenius lifting F' in the sense that F* (gij) = qu.

e Setting ¢;; = 1, we obtain a canonical lifting A over W (k), which can be charac-
terized as the unique lifting to which the Frobenius Fy4 lifts.

e The restriction map Pic A — Pic A admits a natural section. Consequently, the
canonical lift 4 is projective, and hence algebraizable.

From our viewpoint, it is the Frobenius lifting F which is the most fundamental; in fact,
it determines the other features uniquely (cf. [Del81, Appendix]|). It can be regarded as
an analog of the affine manifold structure on the moduli of complex tori (see [Moc96]).

As an important step in his proof of the Tate conjecture for ordinary K3 surfaces
[Nyg83], Nygaard has developed an appropriate version of Serre-Tate theory. His results
were recently extended to Calabi—Yau threefolds by Ward in his thesis [Warl4]. In fact,
the same methods can be used to yield an analog for higher-dimensional varieties, under
some extra assumptions.

Before stating our first result, we have to note that beyond the cases of abelian varieties
and K3 surfaces, it is important to distinguish between several notions of ordinarity. In
this paper, the following conditions on a smooth projective variety X of dimension d shall
play a role:

Definition 1.2.1. Let X be a smooth projective variety with trivial canonical class over
an algebraically closed field k of characteristic p > 0.

(a) X is 1-ordinary if the Hasse-Witt operation (1.1.1) is bijective,

(b) X is 2-ordinary if it is 1-ordinary and if the first higher Hasse-Witt operation

HW(1): H971(X, Q%) — HI (X, Q%)
is bijective (see Definition 2.4.2). A A
(c) X is ordinary (in the sense of Bloch-Kato) if H/(X,dQ% ) = 0 for all 4, j.

If X has no crystalline torsion, ordinarity is equivalent to the equality of the Hodge and
Newton polygons for HZ, (X/W (k)) [BKS6, §7|, and implies 2-ordinarity. More generally,
m-~ordinarity means that the first m segments of the Hodge and Newton polygon coincide.
Note that a choice of trivialization of the canonical bundle wx yields an identification of
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HYY(X, Q%) with the dual of the tangent space H'(X,Ty) of the deformation functor
Def x.
Our first result is the following.

Theorem 1.2.2 (Corollary 10.2.2). Let X be a smooth projective variety with trivial
canonical class over an algebraically closed field of characteristic p > 0. Assume that

(i) HY(X,0x) =0= H°(X,Tx),

(ii) X is 2-ordinary,

(iit) the crystalline cohomology groups HY, (X/W (k)) are torsion-free for x = d,d + 1,
(iv) the Hodge spectral sequence of X/k degenerates,

(v) X has unobstructed deformations over W, (k) for some m > 1.

Then a choice of a basis of the free Z,-module

X/W (k))#™P, Ho(X/W () #=)

Homzp ( CI‘lS(

gives rise to an isomorphism
Def x/w,, (k) = SPE Wi (B)[[n — 1,...,q¢p — 1]}, 7= dide_l(X, Q}(),
and a natural lifting of Frobenius, defined by F*(q;) = Q.

1.3. F-splittings and canonical liftings modulo p?. Theorem 1.2.2 is unsatisfying
in several aspects. First, the assumption on smoothness of the deformation space is dis-
couraging. Second, its relation to Hodge theory (Frobenius and the Hodge filtration) is
a mystery (see Question 10.3.2). It is also important to ask whether the 2-ordinarity
assumption could be relaxed to l-ordinarity. Our main new insight is that using a dif-
ferent approach one can build a version of the Serre-Tate theory for 1-ordinary varieties
with trivial canonical class which describes deformations modulo p? (i.e. over Artinian
Wy (k)-algebras).

An important feature of our approach is the use of F-splittings, which are Ox-linear
splittings of the Frobenius map F*: Ox — F.Ox. They were invented by Mehta and
Ramanathan in the 1980s [MR85] and were put to good use in geometric representation
theory in positive characteristic, but so far they have not appeared too prominently in
arithmetic geometry (see, however, [MS87]). This is in contrast with the use of formal and
p-divisible groups in the classical case, and it would be interesting to see a more direct
link between F-splittings and the formal groups of Artin and Mazur.

Our key starting point is the following construction. Let X be a l-ordinary variety
with trivial canonical class. Then X admits a unique F-splitting o. On the other hand,
a construction due to the second author [Zdal8| attaches to a pair (X, o) of a k-scheme
and an F-splitting a canonical lifting X of the Frobenius twist X’ of X. The structure
sheaf of X can be described as the following quotient of Wy (O ):

Oy =Wa(0x) /15, 1o ={(0,f)[o(f) = 0}.

It was known before [[1196, 8.5] that an F-split scheme can be lifted modulo p?. What is
new here is that there is a preferred, and quite explicit, such lifting. This was a strong
indication that there should be a version of Serre-Tate theory for 1-ordinary varieties with
trivial canonical class.

Already the existence of the preferred X has interesting consequences. First, by [DI87],
for every n < p there exists a canonical Hodge decomposition

Hiz(X/k) ~ @ HI(X', Q% ).
i+j=n

One wonders what other features of classical Hodge theory have analogues for 1-ordinary
varieties with trivial canonical class. Second, by construction the canonical lifting X is a
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closed subscheme of W5(X), and the Teichmiiller lifting
O — 05, [+ the class of (f,0) mod I,

gives rise to a natural splitting of the restriction map Pic X — Pic X.
From our perspective, the most important feature of the canonical lifting X is seen
through its de Rham cohomology. Recall that the isomorphism

p: Hio(X' /W (k) = Hig (X /Wa(k)

cris

endows the right hand side with the crystalline Frobenius .

Theorem 1.3.1 (Theorem 5.0.1). Let X be a 1-ordinary smooth projective variety with
trivial canonical class, and let X be the canonical lifting of X' described above. Then the
crystalline Frobenius

v Hig(X/Wa(k)) — Hip(X/Wa(k))
preserves the submodule F* H3, (X /Wa(k)) (the image of H(X, Q}(Zl) — H3 (X /Wa(k))).

If p > 2 and certain technical assumptions are satisfied, X is the unique lifting X of X'
with this property (Theorem 5.7.1). By results of Katz [Del81, Appendix|, this implies
that for abelian varieties and K3 surfaces, the lifting X agrees with the usual one, obtained
by Serre-Tate theory (Corollary 5.7.2).

1.4. Modular Frobenius liftings. In order to describe the deformation theory of a
l-ordinary variety X with trivial canonical class, we construct the canonical lifting in
families: if X/S is a family of such varieties over a k-scheme S, and if S is a flat lifting of
S over Wo(k), there is a canonical lifting X /S of the Frobenius pull-back family X’ = F£X.
This is achieved using a construction of a sheaf of rings Wy (&0x /S) on X, a relative version
of Wo0x. As in the absolute case, the unique relative F-splitting o of X/S gives rise to
an ideal I, C Wa(0x/S), and Oy = Wa(Ox/S)/I,.

Note that in the relative case (where S is not perfect), it is important to have in mind
that it is X', and not X, that admits a canonical lifting. For example, if S is smooth over
k, then X’/S will always have vanishing Kodaira—Spencer map. Conversely, one can show
that, if the fibers have no nonzero global vector fields, a family with vanishing Kodaira—
Spencer descends canonically under Frobenius (see Appendix B). Consequently, a family
of 1-ordinary varieties with trivial canonical class, no global vector fields, and vanishing
Kodaira-Spencer admits a canonical lifting to any lifting of the base modulo p?.

Consider now the deformation functor of X

Def x : Artyy, ) (k) — Sets.
Suppose that Defxy ~ S = Spf R for a flat Ws(k)-algebra R. Then the construction of

the relative canonical lifting yields by abstract nonsense a lifting of Frobenius
We have thus obtained the key ingredient of a Serre—Tate theory for X. As in the absolute

case, the key feature concerns the relationship of this Frobenius lifting with de Rham
cohomology.

Theorem 1.4.1 (Theorem 7.1.1). Let Xy be a 1-ordinary smooth projective variety with
trivial canonical class, with d = dim Xo. Suppose that the deformation space S = Def x /wy (k)

is pro-representable and smooth. Then the construction outlined above endows S with
a Frobenius lifting Fg. Let X /S be the universal family, and let

H=HL (X/S)~ HR(X/S)

cris
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be the associated Hodge F'-crystal. Then the induced crystalline Frobenius map
p(Fg)Fs: H— H
preserves the submodule F1H .

If p > 2 and if certain technical assumptions are satisfied, then Fg is unique with this
property (Corollary 7.3.2). Again, using Katz’s results, we can show that for abelian
varieties and K3 surfaces, this lifting of Frobenius agrees with the one obtained by classical
Serre-Tate theory (Corollary 7.3.3).

1.5. 2-ordinarity and canonical coordinates. The modular Frobenius lifting described
above carries important arithmetic information related to the first higher Hasse-Witt
operation and which is especially interesting if X is 1-ordinary but not 2-ordinary.

Recall that if S is a smooth scheme over k, and if F': § — § is a lifting of S over Wa (k)
together with Frobenius, one has the induced operator

(1.5.1) €L QL f(w) = %F‘*@)

(here @ € Qiqw is a lifting of the local section w € Qk). Following Mochizuki [Moc96], we
call F ordinary if € is an isomorphism.

Applying this to § = Def x being the base of a local modular family, and specializing
the operator £ at the closed point, we obtain a map

(1.5.2) £0): HY (X, Tx)" — H (X, Tx)"
For the statements below, it is convenient to choose a basis element of H%(X, 0'x) which

is invariant under the Hasse—Witt operation. This together with Serre duality allows us
to interpret £(0) as a map

(1.5.3) £(0): HSY(X, Q) — HH(X,0%).

Theorem 1.5.1 (Proposition 5.8.1 + Corollary 7.2.2). Suppose that p > 2. Let X/k be
a 1-ordinary variety with trivial canonical class as in Theorem 1.4.1, and let X /Wy (k)
be its canonical lifting. Suppose that the Hodge groups of the universal deformation over
Wy (k) are free and that its Hodge spectral sequence degenerates. Then the following three
Frobenius-linear maps are equal:

(i) The map £(0): H¥1(X, Q%) — HIYH(X, QL) (1.5.3).

(ii) The map B: H71(X, QL) — HITYX,QL) obtained by dividing the crystalline

Frobenius on FYH%, (X /Wa(k)) by p (this makes sense thanks to Theorem 1.3.1).

(iii) The first higher Hasse—Witt operation HW(1): H471(X, QL) — HT (X, Q%).
Consequently, I is ordinary if and only if X is 2-ordinary.

A simple corollary of this is that every l-ordinary variety as above can be (formally)
deformed to a 2-ordinary one (Corollary 7.3.1).

The second big feature of the modular Frobenius lifting F is that if X is 2-ordinary, so
that F is ordinary, we obtain an F,-local system

M = {z € O} |€(x) = 2}

such that le ~ M ®p, Os. Consequently, le becomes trivialized on a canonical finite
étale cover of S. This is the analog of the affine manifold structure over C.

Theorem 1.5.2 (Proposition 8.3.1). Suppose that p > 2. Let X be a 2-ordinary variety
with trivial canonical class satisfying the assumptions of Theorem 1.5.1. Then for every
choice of a basis {w;} of the Fy-vector space

M = ker (HW(l) —id: HU(X, QL) — HOU(X, Q}())
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there is an isomorphism
Defx = Spf Wa(k)[lg1 = 1,...,qr — 1]], 7= dimy H"'(X, Q%) = dimg, M
such that F'(q;) = q¢ and the image of dlog q; in T* Defx = H¥71(X, QL) equals w;.

These coordinates are only unique up to jet order depending on p: if ¢} are another such
coordinates, then

G~ € (@ —1,....q0 — 1),
where the ideal on the right is independent of the choices.

1.6. Application to isotriviality questions. To illustrate the utility of the modular
Frobenius lifting, we give an application to isotriviality of families of 2-ordinary varieties.
Recall that by a result of Raynaud [MB85, Chapter XI, Theorem 5.1], every family of
ordinary abelian varieties over a complete curve is isotrivial. The proof of this result
makes use of the global geometry of the moduli space, notably the fact that the locus
of non-ordinary abelian varieties is an ample divisor. For general varieties with trivial
canonical class, we do not know of such results. Nevertheless, the Frobenius lifting can be
used to show that no nontrivial families of 2-ordinary varieties exist over simply connected
varieties with no nonzero global 1-forms.

Theorem 1.6.1 (see Proposition 9.0.3 and Proposition 9.1.1 for precise statements). Let
S/k be a smooth simply connected variety with H°(S, QL) = 0, and let X/S be a smooth
projective morphism whose fibers are 2-ordinary varieties with trivial canonical class sati-
fying certain assumptions. Then f is a constant famaily.

1.7. Future directions. 1. We were unable to construct in an analogous way a canonical
lifting modulo p™ for n > 2. On the other hand, we do not know of an example of an
F-split variety which does not admit a lifting over W (k). By the results of [ESB05]|, such
an extension would give an affirmative answer to Conjecture 1.1.1. A good first step in
this direction would be to check whether in the simplest case of an ordinary elliptic curve
E, the Serre-Tate lifting E,, admits a closed immersion into W,,(E) for n > 2.

2. The sheaves of relative Witt vectors Wa(&x /S) seem to be new and potentially of
independent interest. It would be desirable to construct relative Witt vectors of length
n > 2, and for singular schemes. Being unable to develop such a general theory, we decided
to stick to the simplest case in this paper.

3. The construction of a canonical lifting modulo p? for a l-ordinary variety with
trivial canonical class can be extended to varieties with finite height. We discuss this
construction, based on the ideas of Yobuko [Yob17], in Appendix A. We do not know how
much of the theory developed in this paper can be extended to the case of finite height.
For K3 surfaces, such a theory was developed by Nygaard and Ogus [NOS85|.

4. Our construction of the canonical lifting is reasonably explicit, and it seems that in
practice one could write it down with equations in the case of hypersurfaces or complete
intersections. This could be interesting already for elliptic curves, where the results should
interact with those of Finotti [Fin10].

5. As we have already mentioned, for p > d the canonical lifting gives by [DI87] a canon-
ical Hodge decomposition of HgR(X /k). How can we characterize this decomposition?

6. We do not know whether one should expect that exists a formal lifting of a (suitably)
ordinary variety with trivial canonical class over W (k) for which the crystalline Frobenius
preserves the first step of the Hodge filtration as in Theorem 1.3.1 (we know that there
is at most one), or, when such a lift does exist, whether the crystalline Frobenius should
preserve the entire Hodge filtration. The latter feature could be used to produce CM
Hodge structures as in the case of abelian varieties and K3 surfaces. See §5.7 and §10.3
for more discussion.
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7. Lastly, we do not know if there is a logarithmic variant of our construction, which
would allow one to extend the Frobenius lifting to some part of the boundary of the moduli
space, and to study some arithmetic aspects of the toric degenerations studied by Gross

and Siebert |GS06].

1.8. Notation and conventions. We fix a perfect field k of characteristic p > 0. We
tend to denote schemes over Wy (k) by X.S,...and by X, S, ... their reductions modulo
p. If X/S is a morphism of k-schemes, we denote by X’ the pullback of X along the
absolute Frobenius Fg of S, and by Fx/g: X — X " the relative Frobenius.
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2. ORDINARY VARIETIES WITH TRIVIAL CANONICAL CLASS

Let k be a perfect field of characteristic p > 0. We call a scheme X/k a variety with trivial
canonical class if X is smooth, projective, geometrically connected, and if the canonical
bundle wx = det 2 is trivial. We do not implicitly fix however a particular trivialization
of wy, unless stated otherwise.

2.1. Crystalline and de Rham cohomology. The most interesting cohomological in-
variant of a variety with trivial canonical class X is its middle crystalline cohomology
group

He (X/W(k)), d=dimX

cris
as well as the corresponding de Rham cohomology group HgR(X /k). These are related by
the short exact sequence

0 — Haio(X/W(K)) @wx) k — Hip(X/k) — Tory(HLH(X/W (k)), k) — 0.

cris cris
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Assumption (NCT). We suppose that the crystalline cohomology groups H; (X /W (k))
are free W (k)-modules for « = d,d + 1.

The de Rham cohomology groups Hjy(X/k) are by definition the hypercohomology
groups of the de Rham complex Q% Ik and as such they are abutments of the two spectral

sequences: the Hodge spectral sequence

(2.1.1) EY = HI(X, Q) = Hy! (X/k)
and the conjugate spectral sequence [Kat72, §2]

(2.1.2) Ef = H(X, (%)) = Hg (X/k).

Further, the Cartier isomorphism C': J#7 (F Xk 0% /k) ~ Qg(/ Ik allows one to identify the

E;j term of the conjugate spectral sequence with H (X", Qg(/ /k). The abutment filtration
on Hj (X/k) induced by the Hodge resp. conjugate spectral sequence is called the Hodge

resp. conjugate filtration and denoted F* resp. F;. Explicitly,
F'—Im <H*(X, Q%2 — H;R(X/k)) . F = TIm (H*(X, 7,0%) — Hig(X/k)).

The first spectral sequence degenerates if and only if the second one does, and in this case
we have

. . . . o1
(2.1.3) FU/FHY =~ 74X, Q%) = F/F;_,.
Assumption (DEG). We assume that the spectral sequences (2.1.1) and (2.1.2) degen-
erate.

By the results of [DI87], this is the case if p > dim X and X can be lifted to Wa(k), in
particular if p > dim X and X is l-ordinary (see Corollary 4.1.3).

2.2. Hodge and Newton polygons. The crystalline cohomology groups are endowed
with the crystalline Frobenius

p: Hiso(X/W (k) — Hiso(X/W (K)),

cris cris

which is semi-linear with respect to the Frobenius on W (k) and which is injective modulo
torsion. Its main invariants are the Hodge numbers h°, ..., h?%, determined by

H = EBHi’ w(H) = EBpiHZ-, rank H; = h',
where H = HY

&:(X/W (k))/torsion, and the Newton slopes \y < ... < A, m = rank H,
coming from the Dieudonné—Manin decomposition of the associated F-isocrystal over the
algebraic closure of k. They are conveniently encoded by means of the Hodge polygon,
which is the graph of the piecewise linear function h: [0,m] — R, h(0) = 0, with slope
ion [+ ...+ AL RO + ..+ R, and the Newton polygon, which is the graph of the
piecewise linear function A: [0,m] — R, A(0) = 0, with slope \; on [i — 1,4].

The Mazur-Ogus theorem [BOT78, 8.39] asserts that under our assumptions h’ equals
dimy H4(X, QfX), that the Newton polygon lies above the Hodge polygon, and that
the endpoints of the two polygons coincide. Moreover, the image of M; = ¢~} (p'H) in
H @k = Hjz(X/k) equals F', the image of (p~'¢)(M;) in Hjr(X/k) equals F;, and the
isomorphism (2.1.3) is the one induced by p~¢ [op.cit., 8.26].

In the rest of this section, with the exception of §2.6, we assume that X is a variety with
trivial canonical class of dimension d satisfying (NCT) and (DEG).
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2.3. The Hasse-Witt operation. The Hasse-Witt operations are the maps
HW(0) = Fx: H(X,0x) — H*(X, Ox).
Proposition 2.3.1. Let X be a normal proper scheme over k. Consider the following

conditions:

(i) X is F-split, i.e. the exact sequence
(2.3.1) 0 — Oxr — Fx.Ox — BQx — 0

is split.

(ii) H'(X, BQY) =0 for alli > 0.

(iii) The Hasse~Witt operations HW(0) on HY(X,Ox) are bijective for all i.

(iv) The Hasse-Witt operation HW(0) on HY(X, Ox) is bijective, where d = dim X .
Then (i)= (ii)=(iti)=(iv). If X is a variety with trivial canonical class, then all four
conditions are equivalent, and a splitting of (2.3.1) is unique if it exists.

Proof. The implications (i)=-(ii)=-(iii) follow by taking the cohomology exact sequence
of (2.3.1). For (iv)=-(i), see [MR85, Proposition 9]. For the uniqueness, note first that
splittings of (2.3.1) are a torsor under Hom(BQY, Ox/) ~ HO(X', BQ%) [vdGKO03, §3].
We have an exact sequence

0 — HYX', BO%) — HO(X', F.O%) -5 HO(X', Q%)
where the map C is dual to F: HY(X', 0x:) — H*(X, Ox) and hence bijective. O

Definition 2.3.2. We call a variety with trivial canonical class X 1-ordinary if the equiv-
alent conditions of Proposition 2.3.1 hold.

2.4. Higher Hasse—Witt operations. These are Frobenius-linear morphisms
(2.4.1) HW(i): H7H(X, Q%) — HTHU(X,Q%), i=0,...,d

defined by Katz [Kat72, 2.3.4.2]. The morphism HW (0) is the Hasse-Witt operation, and
for i > 0, HW(7) is only defined if the following composition is bijective

h(i): Fioy > Hif (X /) — Hi (X/R)/F".

In this case, I; N F? projects isomorphically onto F;/F;_ ;. The mapping HW(3) is then
the composition

HTUX, Q%) = F/F_1 = F,NF' — Fi/F = 90X Q).
Moreover, h(i 4 1) is bijective if and only if HW (4) is bijective.

Proposition 2.4.1. Let 1 <m < d+ 1. The following are equivalent:

(i) The higher Hasse—Witt operations HW (i) are defined and bijective for i < m.

(ii) F; & FiHL = B3 (X/k) fori <m.
(iii) The first m segments of the Newton and Hodge polygons of HZ. (X/W (k)) coincide.
(iv) There exists a p-stable decomposition

<m
where the H; are free W (k)-modules of ranks ht = dimg Hd*i(X7 QZX), where |,
has matriz p' - 1d in some basis of H;, and where p(Hsy,) C p™ Hsp,.

Moreover, these conditions hold for all m if X is ordinary in degree d in the sense of [[R83,
Definition 4.12, p. 208|.
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Proof. The equivalence of (i) and (ii) is clear by the definition of HW (7) and A(7). In light
of §2.2, the equivalence of (ii) and (iii) is a statement purely about F-crystals proved e.g. in
[Del81, Prop. 1.3.2]. The equivalence of (iii) and (iv) follows from [Kat79, Theorem 1.6.1].
Finally, the last assertion is [IR83, 4.12.1 p. 208] (see also [BK86, Proposition 7.3|). O

Definition 2.4.2. Let 1 < m < d. We call X m-ordinary if the equivalent conditions of
Proposition 2.4.1 hold.

The following result will be used in §10.

Lemma 2.4.3. If X is 2-ordinary and HY(X, Q%) = 0, then we have H/(X, BQ%) = 0
fori=d—1,d.
Proof. Since X is 1-ordinary, we know that H?(X, BQ}() = 0, and hence the short exact
sequence

0 — BQY — 204 — 0k —0
and the assumption H(X, QL) = 0 show together that H4(X, ZQ%) = 0. Then the short
exact sequence

0— Z0LY — 0 — BO% — 0
shows that HY(X, BQ%) = 0. Finally, the exact triangle

T % @ Q2 — Q% — BOX[-1] 55

gives an exact sequence
(ROF?) Hig(X/k) = Hip(X/k) — H7H(X, BOX) —» (ROF)HGE (X/k) = Hg (X/k)
where the first map is an isomorphism by 2-ordinarity. It remains to show that the last

map above is injective, which follows from Fngﬁ"l(X/k) = HH(X,71Q%) = 0. Indeed,
this group sits inside an exact sequence

0=HYX,Z0k) — HYX, 7<1Q%) — H(X,0x) = 0. 0

2.5. Artin—Mazur formal groups. Suppose that H*1(X, 0x) = 0. In [AM77], Artin
and Mazur consider the functor

Dy Arty — Set, ®y(A) = ker (HGQ(XA, Gm) — HE (X, Gm)) = HY (X4, 14+mA0x,).

€

and show that it is a formal Lie group. The group ®x is called the Artin-Mazur formal
group of X. Its tangent space is H%(X, Ox), and its (covariant) Dieudonné module is
canonically identified with H?(X, W €x) endowed with its natural Frobenius and Ver-
schiebung.

Proposition 2.5.1. The following are equivalent:
(i) X is 1-ordinary.
(ii) F: H(X,WOx) — HYX,WOx) is bijective.
(17i) The height of the formal group ®x equals one.
Moreover, in this case there exists a canonical isomorphism
dx ~ H(X, Wox)'' 0 G,,
inducing the identity HY(X, Ox) = HY(X, Ox) on tangent spaces.
Proof. The equivalence of the three conditions follows from [vdGKO03, Theorem 2.1]. The
isomorphism
HYX, Wox)'=L o W(k) = HY{(X, W Ox)
is an isomorphism of Dieudonné modules where on the left F' and V act on W (k) in the

usual way and trivially on H%(X, W &x)F=!. Reversing the equivalence between suitable
Dieudonne modules and formal groups, we obtain the desired isomorphism. O
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2.6. Ordinarity in families. In characteristic zero, deformations of a variety with trivial
canonical class have trivial canonical class. This is no longer the case in positive character-
istic, for example a supersingular Enriques surface in characteristic two can be deformed
to a classical one. Fortunately for us, this is true for families of 1-ordinary varieties. In
fact, such families admit a unique relative F-splitting, and a trivialization of the canonical
bundle which is canonical up to a discrete choice (Corollary 2.6.5 below). This will be
crucial later on for the construction of the canonical lifting in families (Corollary 4.1.3).

Proposition 2.6.1. Let S be the spectrum of a noetherian local Fp-algebra with closed
point s, and let f : X — S be a proper and flat morphism. Suppose that the maps

(2.6.1) Fi.: H(X,,0x,) — H'(Xs, 0x,)

are bijective for i > 0. Then the higher direct images R'f.Ox are locally free, with forma-
tion commuting with base change, for all i > 0.

Proof. The proof proceeds by descending induction on i. For ¢ > dim X, the assertion
is trivial. For the induction step, suppose that R f,0x has the required property. By
cohomology and base change [Har77, Theorem 12.11], it follows that the formation of
R'f,0x commutes with base change. Equivalently, the restriction map

(R f.Ox) @ K(s) — H'(Xs, Ox,)
is an isomorphism. Consider the commutative square

R'f.0x — H'(X,, 0x,)

Fl/ lF
R f.Ox — H'(X,, 0x.).

By assumption, the right vertical arrow is an isomorphism. By the base change property
of R'f,0x and Nakayama’s lemma, it follows that the morphism

Fys: R'flOx ~ F§R' f.Ox — R'f.0x
is an isomorphism. By Lemma 2.6.2 below, R!f,Ox is then locally free, as desired. U

Lemma 2.6.2. Let R be a local F,-algebra and let M be a finitely presented R-module
such that FM ~ M. Then M s free.

Proof. Fix a presentation
R" R s M —0, A=]a] € Myxm(R)

with n and m minimal; in particular, a;; € mg. As FpM ~ M, the matrix Fr(A) gives
another minimal presentation for M. But every two such presentations are isomorphic, so
there exist B € GL,(R), C € GLy,(R) such that A = BFr(A)C. Therefore, if I C mp is
the ideal generated by the a;;, then I C Fr(I) C I?. So I = I?, and hence I = 0. O

Remarks 2.6.3. 1. The assertion of Proposition 2.6.1 fails if S is of mixed character-
istic, already for S = Spec Wa(k). Indeed, if p = 2 and X/k is a singular Enriques
surface [I1179, §IT 7.3|, then the Frobenius acts bijectively on H*(X, Ox), which are
one-dimensional for x < 2, and one has H2, (X/W (k))tors ~ H*(X,WOx) ~ k. Thus
if X/Wa(k) is any lifting of X, then H?(X,0%) ~ k. Note that X is a l-ordinary
variety with trivial canonical class which satisfies (DEG) but not (NCT).

2. If X, is F-split, then the maps (2.6.1) are bijective for all ¢ > 0 by Proposition 2.3.1.

3. The proof of Proposition 2.6.1 shows that if the maps (2.6.1) are bijective for i > r
for some integer r, then the sheaves R’f,Ox are locally free and commute with base
change for all i > r.
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Corollary 2.6.4. In the situation of Proposition 2.6.1, suppose that f is smooth. Then
the sheaves R' fyiwx g are locally free, with formation commuting with base change, for all
1> 0.

Proof. Let d = dim X;. Grothendieck duality produces a quasi-isomorphism
Rfwx/s = Rf«R A omx (Ox,wx/s)
= Rf.R Homx(Ox, f'Os[—d]) ~ R #omg(Rf.Ox, Os)|—d).

Since the cohomology sheaves R'f,0x of Rf,Ox are locally free by Proposition 2.6.1, we
conclude that ' ‘
R fiwx/s ~ Homg(R* ' f.0x, 0). O

Corollary 2.6.5. Let S be a noetherian F,-scheme, and let f: X — S be a smooth

and proper morphism. Suppose that for every closed s € S, the geometric fiber Xz is

a l-ordinary variety with trivial canonical class. Then the following assertions hold.

(a) There exists a unique relative F-splitting o: Fx/s5.,0x — Oxr.

(b) There exists a canonical pp—1-torsor T — S and a canonical trivialization wx,. /7 =~
Ox,.

Proof. We shall first prove that locally on .S, there exists an trivialization wx,s5 ~ Ox. By

Corollary 2.6.4, f.wx/g is locally free, with formation commuting with base change. It is

therefore a line bundle. Consider the adjunction map

a: f* fawxss — wx/s-
Its restriction to every fiber X is an isomorphism by assumption. Since « is a morphism

between line bundles, it is an isomorphism.
For (a), consider the relative evaluation map

f:( %Om(FX/&*ﬁx, ﬁx/) — f:(ﬁx/ — Os.

It is enough to show that this map is an isomorphism. Grothendieck duality for the finite
flat morphism Fly,g yields an identification

fiAom(Fx s, 0x,Oxr) =~ fiFX/s,*wi{/é = f*w}{/;-

By the first paragraph and Corollary 2.6.4, f*wig/g is a line bundle whose formation

commutes with base change. The composite morphism

f*“?/@ ~ fiHom(Fx;s,0x,0x)) — Os

is a morphism of line bundles which is an isomorphism at closed points, and hence an

isomorphism.
For assertion (b), we note that the proof of (a) furnishes a canonical trivialization 7 of

W;&g Trivializations of wx,g whose (1—p)-th power equals 7 form the desired (1, 1-torsor

on S. |

2.7. Hodge F-crystals. Let S = Spf Wy (k)|[t1,...,t,]]. The following is a version of the
definition in [Del81, 1.1.1, 1.1.3, 1.3.5] adapted to the case ‘mod p?.” Since p? = 0, our
definition works well only if one is interested in the first two levels of the Hodge filtration.
We assume p > 2, so that the change of Frobenius formula (2.7.1) takes a particularly
simple form.

Definition 2.7.1. A Hodge F-crystal H = (H,V,F*,¢) on S consists of:

(a) a finitely generated free &g-module H,
(b) a nilpotent integrable connection V: H — H ® QL

(c) a decreasing filtration F of H by direct summands,
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d) for every lifting of Frobenius Fg on S, an Og-linear map
S S
¢(Fg): FgH — H
satisfying the following conditions:
(i) ¢(Fg) is horizontal,
(i) F* satisfies Griffiths transversality: VF* C F©"l @ Q}SN,,
iii) F' ® k coincides with the image of (¢(Fg)F%) " (p'H) for i = 0,1,2,
¥ S S
(iv) the maps ¢(Fyg) for different Fg satisfy the change of Frobenius formula [Del81,
1.1.3.4]:

at;

(27.1)  @(Fg)Fir = (Fy)(Fg)'a+p) (Fit:) — (FQ)* (t)e(FE(FE*(V o x).
i=1

If X /S is smooth and projective satisfying (NCT) and (DEG) and such that the Hodge
groups are free, then H = H7;(X/S) endowed with the Gauss-Manin connection, the

Hodge filtration, and the crystalline Frobenius is a Hodge F-crystal over S. (All statements
except (iil) are standard. For (iii), we observe that the statement only concerns the
Frobenius on the crystalline cohomology of the reduction mod p. Therefore we may apply
the results of Mazur-Ogus [BO78, 8.26] mentioned in §2.2, valid over a torsion-free base,
and then reduce them mod p2?.) Note that for H we also have the basic divisibility
estimates
p(Fg)F5(F') CpH, @(Fg)F5(F?) Cp*H if p > 2.
3. RELATIVE WITT VECTORS

Let S be a scheme over F,,, and let S be a lifting of S over Z /p*Z. Consider a smooth
scheme X over S. We let Fx/g: X — X' denote the relative Frobenius of X/S. If S
is perfect, then using the isomorphism F&: Ox —~ Oxs one can consider the length two
Witt vectors WoOx as a square-zero extension

0 — Fy/5.0x — Walx — Ox/ — 0
of Ox' by Fx/s.0x. The first goal of this section is to construct a natural extension of
the above type
(3.0.1) 0—>FX/S7*ﬁXL>WQ(ﬁx/§)—>ﬁX/ —0
for a general S, lying above the given lifting

0— 05— Oy — Os — 0.

The second goal concerns comparison with zeroth crystalline cohomology. Let X be
a lifting of X over S. We have a canonical isomorphism [BO78, §7]

Hp(X/8) =~ un*ﬁx/ﬁ

where u: (X/8)eris — Xzar is the canonical projection, and %%()N( /8) is the g-th coho-
mology sheaf of the de Rham complex of X / S. If, in addition, S is perfect, one has Katz’s
isomorphism [IR83, III 1.4]
un*ﬁX/SN ~ WQQg(
where W5(2% is the de Rham-Witt complex of X. Setting ¢ = 0, we obtain an identifica-
tion
WyOx =050 ={f € Ox|df =0 ¢ Q§/§}.
The right hand side makes sense if .S is not perfect, so one could try and define
Wa(0x/8) = 05 = x5
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which by the last equality is manifestly independent of the choice of the lifting X. One
quickly realizes however that ﬁ;i(:o is not quite of the required type, and that one in fact
gets an extension

0— Oxr — 050 — Oxn — 0
with a double Frobenius twist on the right hand side (compare [Ols07, p. 103|). For
example, if X = A% with coordinate ¢, then one obtains

0 —> Os[a?] 2 Ogla?”, pa?’] — Oga?’] — 0.
We shall prove in §3.2 that Wa(&x/S) is a canonical Frobenius untwist of w0 /g Le.
that u*ﬁX/g ~ Wz(ﬁxl/g).

Remark 3.0.1. By the same method as given below, one could define longer Witt vectors
relative to a lifting of .S modulo p™. For the sake of brevity, we decided to include only
the case relevant to our applications.

3.1. Construction. Let X be a smooth scheme over S as before, and let X be a lifting
over S. We set

(3.1.1) Wy ={f€ 0| fmodp € Ox} C O.
In other words, W is the pullback
W —— Ox
l ] lFSE/s
Oy — Oy,

so that we have a diagram with exact rows (morphism of square-zero extensions)

0 Ox W Ox 0
|
0 Ox Ox Ox 0.

In particular, Wy is an extension of the desired type (3.0.1). Our goal is to get rid of its

apparent dependence on the lifting X.
We note that f € 0% lies in Wy if and only if df € Q%
also have a pullback square

/8 is divisible by p, so that we

Lemma 3.1.1. Let f: X =Y be a map between smooth schemes over S, let X and Y be
liftings ofX and Y over S, and let f1, fa: X — Y be two liftings of f. Then the induced
maps fl,fg Wg — Wy are equal.

In particular, if a: )Nf — X is an automorphism of the lifting X (i.e. an isomorphism
of schemes over S reducing to the identity on X ), then the induced map a: Wi — Wx s
the identity.

Proof. We can write fo(z) = fi(x )+p P(z modp) for a derivation ¢: Oy — f.Ox. Since
Fy/s induces the zero map Fy / Sﬁy, /s~ QY /50 the derivation v annihilates the image of
Oy:. Thus if x € Wy, i.e. xmodp € Oy, then

fa(@) = fi(@) + p - ¥(zmod p) = fi(w). O
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The above lemma allows us to assemble the Wy into a global thickening Wa(&x /S) in

the following way. Choose an open cover X = |JU; and liftings U; over S. Let {Uijk tr
be an affine open cover of U; N Uj. Since Ujj;; are affine, there exists an isomorphism of
liftings

A5k ﬁi|Uijk - (7.j|Uijk'

Consider the schemes Wy ; over Ujjy, the above maps induce isomorphisms
Qi - WU'Z"Uijk: — Wﬁj ‘Uijk:'

which are independent of a;jr by Lemma 3.1.1. Another application of Lemma 3.1.1
implies that these isomorphisms necessarily satisfy the cocycle condition, and therefore
they can be glued to obtain a global thickening W5 (&0 /S).

It is easy to see that this construction does not depend on the choice of the open covering
and the liftings ;. We have thus proved:

Proposition 3.1.2. Let X be a smooth scheme over S. The construction outlined above
yields a thickening

0 — Fy/5.0x — Wo(Ox/S) — Oxr — 0
over
0—0s — Oy — Os — 0.
If X is a lifting of X over S, there is a canonical isomorphism
Wa(Ox[S) =Wy = {f € O | fmodp € Ox/} C O.

Moreover, the construction of Wo(Ox /S) is functorial in the sense that if f: X — Y is
a morphism of smooth schemes over S, then we get a canonical map f*: Wo(Oy/S) —
Wa(Ox /S) fitting in the diagram of sheaves on the space Y =Y’

00— Fy/5.0y Wy (0y /S) Oy 0

| o

0 — f.Fyx/5.0x —> fWa(Ox /) — f.Oxs —= 0.

3.2. Comparison with zeroth crystalline cohomology. Let X be a smooth scheme
over S. We denote by

u: (X/SN)Cﬂs — Xzar

the natural projection from the crystalline site of X relative to S to the Zariski site of X.
This functor takes an open U C X to the trivial PD-thickening (U, U). If X is a lifting of
X over S, there is a canonical isomorphism [BO78, §7]

Ru*ﬁx/g ~ Q}(/g.

We denote by ),(X/S) the kernel of the map d: Oy — Q}( g The restriction map

A (X )S) — A (X/S) = Ox: has image Oxn and the following sequence is exact

00— FX’/S,*ﬁX’ —p—> %({:{(X/g) — ﬁX// — 0.
Proposition 3.2.1. There exists a unique morphism of sheaves of rings

A WQ(@X//SN) — u*ﬁX/g
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compatible with restriction to open subsets, and such that whenever F: X — X' is a lifting
of Fxs: X — X', then the diagram

O, O
I
W Har(X/5)
zT Tz
Wa(Ox1/5) —= uOx /5

18 commutative. This map is an isomorphism.

Proof. We define the morphism A locally by the diagram above, and then prove this is
independent of the choices. To this end, we first take two liftings F'y, F'o: X — X’ of the
Frobenius morphism Fly,s. By Lemma 3.1.1 the morphisms £, F'5: W5, — Wy coincide.
We check that they map Wy, onto S5 (X/S) C Wy: if f € Wy, then df = p - w for
1
some w € QX//§’ therefore
d(Ei*(f)) = Fi*(df) = p - Fxrys(w) = 0.

Finally, since the following diagram is obviously commutative

0 —— Fxr/5.0x W, Oxn 0
\ ]
0 —— Fyr/5.0xr — A% (X /S) Oxn 0,
we conclude that W, — % (X/S) is an isomorphism. O

Corollary 3.2.2. If S is perfect, then Wy(Ox /S) ~ Wy 0.

4. F-SPLITTINGS AND CANONICAL LIFTINGS MOD p2
We come to the key construction in this paper.
4.1. Construction. Let S be an F,-scheme, and let S be a flat lifting of S over Z/p*Z.
Let (X,0) be a pair consisting of an S-scheme X and a relative F-splitting
o FX/S,*ﬁX — ﬁX’-
Such pairs form a category FSplitg, cf. [AWZ17, §2.5]. Consider the ring of relative Witt
vectors Wo(Ox /S), fitting in an exact sequence
0— FX/&*ﬁX —V—> Wg(ﬁx/g) — ﬁX/ — 0.
The subsheaf
I, = Vi(ker(o)) C Wa(Ox/S).

is an ideal in Wy(€x/S) — this is because V(Fx;s+0x) is an ideal of square zero inside

Wy(0x/8S), and ker(o) C Fx/5+0x is an Ox:-submodule. We define the sheaf of rings
12 % (o) 85 the quotient
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By construction, it fits inside a commutative diagram with exact rows

0 —— Fy/5.0x ——> Ws(0x/5) Ox: 0
0 Ox/ 6’5((0) Ox: 0
lying over
0 Os Og Os 0.

We deduce the following.

Proposition 4.1.1. The ringed space X (o) = (X, O%(y)) is a scheme, and the surjection
6’5((0) — Oxr exhibits X (o) as a flat lifting of X' over S. The construction defines
a functor

(X,0) — X(0): FSplitg — Schg
together with a natural isomorphism between the two compositions in the square below

FSplity — Schg

forgetl l —xgS

SChS ? SChS,
S

ie. X(0) xgS~X"

Remark 4.1.2. One can check that Spec Wa(0x /S) represents the following functor on
the category of square-zero thickenings of X’ over S and closed immersions:

0= M= Oy - Oxr—0 — {surjections a: Fx/5,.0x — M |a(l) = p}.

In particular F-splittings of X/S are in natural bijection with S-liftings of X’ endowed
with a closed immersion to Spec Wa(&y /S) over S. This should be contrasted with the
fact that (for S perfect) maps from Spec Wo(O0x /S) control Frobenius liftings.

Combining this with Corollary 2.6.5(a), we obtain:

Corollary 4.1.3. The canonical lifting functor from Proposition 4.1.1 produces a functor
X — X from smooth X/S whose geometric fibers are 1-ordinary varieties with trivial
canonical class to smooth X / S with the same property, together with a functorial isomor-
phism X XgS~ X'

4.2. First properties. As a consequence of functoriality of X (o), we obtain the following.

Lemma 4.2.1. Let S and S be as in §4.1, and let (X, 0) be an F-split scheme over S. Let
Y C X be a closed subscheme which is compatible with o in the sense that o(Fx/g.1y) C

Ii,. Then o induces an F-splitting oy on'Y relative to S, and Y (oy) is a closed subscheme
of X (o) lifting Y' C X'.

We shall not use the above result, as the unique F-splitting on a l-ordinary variety
with trivial canonical class cannot be compatible with a non-empty proper subvariety. In
contrast, the following will be quite useful.

Lemma 4.2.2. Let S be a perfect scheme over F), and let S = Wy(S). Let (X,0) be an
F-split scheme over S. Then the composition of the Teichmiiller lift

[—]: ﬁX/ — Wg(ﬁx) = Wg(ﬁx/g)
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with the restriction map Wa(Ox) — ﬁ)?(a) yields multiplicative sections of the restriction
maps
ﬁX(U) Hﬁxl and ﬁ)i;(o_) —>ﬁ)>;v/.
Consequently, for every r > 0, the restriction map
H(X(0),Gm) — HL (X', G)
admits a natural section. In particular, line bundles and log structures on X' have canon-
ical liftings to X (o).

Lemma 4.2.3. Let S be a noetherian F,-scheme and let S be a flat lifting of S over
Z/p*Z. Let (X,0) be an F-split scheme over S such that X is proper over S. Then the
restriction maps

it H* (X, Wa(0x/S)) — H*(X,0%)
are 1somorphisms.

Proof. The restriction map i*: Wa(€x /S) — O fits into a short exact sequence
0 — BQY 5 — Wa(0x/5) — O — 0.

By Proposition 2.3.1, we have H*(Xj, BQ}(S) = Oforall s € S, and hence H*(X, BQ%{/S) =
0 by [Har77, Theorem 12.11] and the Leray spectral sequence for X/S. O

Lemma 4.2.4. Let X/k be a l-ordinary variety with trivial canonical class, and let

X /Wa(k) be its canonical lifting. Suppose that HY(X, W Ox) is torsion-free. Then W W (k)
O%.

Proof. The assumption on torsion implies that H¢(X, W50x) is a free Wy (k)-module. On
the other hand, by Lemma 4.2.3, we have H¥(X,W20x) ~ H¥(X, 0), thus the latter is

locally free. Since d = dim X, the formation of Rf,& v commutes with base change. The
rest of the argument follows the lines of proof of Corollary 2.6.4 (for i = 0). U

5. FROBENIUS AND THE HODGE FILTRATION (I)

Let S be a noetherian affine k-scheme and let S be a flat lifting of S over Wy(k). Let
(X, 0) be a smooth projective F-split scheme over S endowed with an F-splitting o. We
endow S with the natural PD-structure on the ideal (p). The key property of the canonical
lifting X (0)/S defined in the previous section, which will enable us to get our hands on
the associated crystal, is the following.

Theorem 5.0.1. For every lifting Fg: S — § of the Frobenius of S, the crystalline
Frobenius N N N N

p(Fg): Hip(X(0)/S) — Hir(X(0)/5)
maps FYHT (X (0)/S) into itself for every n > 0
The proof of Theorem 5.0.1 occupies §5.1-5.5. In §5.6, we relate the Hodge filtration to the
Hodge-Witt filtration in the case S = Speck, which is used to characterize the canonical
lifting in §5.7. In the subsequent §5.8, we apply this theorem to relate ¢ to the first higher
Hasse-Witt operation. In Section 7.1, we will revisit this idea for the modular lifting
of Frobenius acting on the crystal associated to a universal deformation of a 1-ordinary
variety with trivial canonical class.

Example 5.0.2. If X is a smooth and projective scheme over S = Spec Wo(k) admitting
a lift of Frobenius F, then the crystalline Frobenius ¢ coincides with the map

F*: Hig(X/8) — Hig(X/5)
and hence it preserves the Hodge filtration. In fact, X’ is canonically isomorphic to X (o)
for any F-splitting o, see [AWZ17, Theorem 3.6.5].



SERRE-TATE THEORY FOR CALABI-YAU VARIETIES 19

5.1. Proof of Theorem 5.0.1: first steps. Let X = X(0) and ¢ = ¢(Fg) for brevity,
and denote by
1 5( — WQ(X/g) = SpeCWQ(ﬁX/SN)
the canonical closed immersion. By the definition of F!, the projection Q}( /5 — O%
induces an injection
Hip(X/S)/F' — H"(X, O%).

To prove the required assertion, it thus suffices to produce a dotted arrow below making
the square commute

(5.1.1) Hip(X/8) —= H™(X, 0%)

Hip(X/8) —— HY(X, 0.
On the other hand, by Lemma 4.2.3, the map ¢* induces an isomorphism
it H(X,W2(0x/S)) = H"(X, O%),
while the pair (Fx, Fg) induces by functoriality of Wy(0x/ S) a map
F: HY(X,Wy(0x/S)) — H™(X,Wy(0x/5)).
Consequently, it suffices to construct a morphism in the derived category

(5.1.2) t: Q%5 — Way(Ox/S)

such that the diagrams

(5.1.3) 0% g — Wa(0x/5)
P LF
Q}(/SN—>W2(6’X/§)
and
(5.1.4) Wa(Ox/S)
s
2% Os.

commute. This will be our strategy for the proof in §5.2-5.5.

5.2. Review of crystalline theory. To construct (5.1.2) and prove the commutativity
of (5.1.3), we first need to explicate the construction of the crystalline Frobenius op(Fg)
(e.g. [11179, 0 3.2]).

Let e: X — Y be a closed immersion into a smooth S-scheme Y, and let Y be the
PD-envelope of e. Then the map induced by é: X — Y,

sly — €

X/5°

is a quasi-isomorphism. On the other hand, Y coincides with the PD-envelope of X in
Y. Consequently, if now Fy Y — Y is a lifting of Frobenius compatible with Fy, then
by functoriality of the PD-envelope Fy naturally descends to a map Fy : Y — Y. The
crystalline Frobenius ¢(Fg) is the composition

©(Fg): Q}(/S‘ ~ 9;7/§|Y — 0%

Y/§|57 =~ ()

%5
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It is independent of the choice of (Y, e, Fy). Such data exist if X is projective (take Y to
be a projective space and Fy be the map raising the coordinates to the p-th power).

5.3. Construction of the map t (5.1.2). Let Y be a smooth S-scheme endowed with
a Frobenius lifting F}; commuting with Fg. By definition, W5 (0y /S) is identified with
the subsheaf Wy (3.1.1) of Oy, and the image of F%: Oy — Oy is contained in Wy We
obtain a natural map

t(Ff,): ﬁ? — Wg(ﬁy/g)
The following square commutes

Fy ~
(5.3.1) oo "Ly (6y)8)

Oy t(—)> Wa(0y ) S).
If S = Speck, this is the Cartier morphism [I1179, 0 1.3.21].

Let now e: X — Y be a closed immersion into a smooth S-scheme and let Y be the
PD-envelope of e, which is the same as the PD-envelope of X in Y. The closed immersion
X < Wo(X/S) is a PD-thickening of X over S < § fitting inside a commutative diagram
of solid arrows

(5.3.2) X - Y Y
l E t(FYf)T
Ws(X/S) Wy(Y/S).

By the universal property defining the PD-envelope, we obtain a unique dotted arrow
making the above diagram commute. We define now the desired map t as the composition

(5.3.3) t: Q% sly — 05 s W0y /8).

X/8~ =~ Q5
5.4. Commutativity of (5.1.3). By the description of the crystalline Frobenius §5.2, the
left square below commutes

%
ga(Fg)l lF; [F; lFX

0% 5 = Bl — O — = Wa(0x/3)

Since the horizontal compositions equal ¢, we are left with checking the commutativity of
the remaining two squares. The middle square commutes by the definition of Fy . For
the right square, note that by the commutativity of (5.3.1) we get a morphism of solid
diagrams (5.3.2), and hence a morphism of diagrams with the dotted arrows, i.e. the
commutativity in question.

5.5. Commutativity of (5.1.4). The diagram in the derived category can be described
in terms of maps of complexes as

(5.5.1) ;7/ y — Oy —— Wa(0x/8)
0% 5 Ox
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where the left cell clearly commutes. Interestingly, the right cell commutes on the level of
sheaves only for certain lifts of Frobenius Fy.

Definition 5.5.1. Let (}7, e, Fy) be as in §5.2. We call such data retracting if the diagram
below commutes

X - Y

Zl Tt(FY/)

Wy(X/8) —= Wy (Y/5).

It is easy to construct retracting triples (}7, e, Fiy): take any such triple and replace the
embedding e with the composition

~

¢ X L W (X/8) — Wa(v/8) L5

Let (17, e, F'y) be a retracting triple. By the universal property of the PD-envelope, we
see that the triangle in the diagram below commutes

X—° -y Y
— //
zl t t(FYf)T
Ws(X/S) Wy(Y/5),

which is precisely the assertion that the right cell in (5.5.1) commutes. This finishes the
proof of Theorem 5.0.1.

Remark 5.5.2. The name ‘retracting’ is justified by the case X = Y, e = id, in which
case it simply states that ¢(Fs): Wa(X/S) — X is a retraction of the closed immersion i.
If X admits a Frobenius lifting, it also admits a retracting one, and consequently retracting
Frobenius liftings exist locally on X.

If S = Speck, the space of retracting Frobenius liftings is either empty or a torsor under
Hom(Q}(, B}() For example, if X is an abelian variety and o is the unique F-splitting,
then X (o) admits multiple Frobenius liftings, but exactly one of them is retracting. This
is the Serre-Tate canonical lifting.

5.6. Comparison with de Rham—Witt theory. Let S = Speck. We finish the dis-
cussion of Theorem 5.0.1 by comparing the map t: Q% - — Wa0x (5.3.3) constructed
in the proof with the map # obtained by composing {he canonical quasi-isomorphism
Q}( 15~ Ru, 0 /8 with crystalline cohomology, the quasi-isomorphism Ru, &'y 1§~ WoQ%
coming from de Rham-Witt theory, and the projection W2QS — W2 0.

To this end, let (V,e,F?) be a triple as in §5.2. By definition [I1179, p. 600], the

isomorphism Q}( 5= Ru, 0y /5~ W1QS equals the composition

WEFy) o

e

/5~ Ysly

After projecting to the O-th term in each complex, we see that ¢ = t’. Combining this
with the commutativity of (5.1.4) (a priori for a retracting triple), we obtain:
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Corollary 5.6.1. The following diagram commutes in the derived category

WQQ?X I WQﬁX

e

Ny

Q

}(/5 O%-

5.7. Uniqueness of the canonical lifting. Using Ogus’ results on Griffiths transver-
sality in crystalline cohomology [Ogu78b], we can show that for 1-ordinary varieties with
trivial canonical class in odd characteristic, the property expressed in Theorem 5.0.1 char-
acterizes the canonical lifting.

Theorem 5.7.1. Suppose that p > 2. Let X/k be a 1-ordinary variety with trivial canon-
ical class of dimension d, and let X /Wy (k) be the canonical lifting of X', i.e. X = X (o)
for the unique F-splitting o on X. Suppose that for every lifting of X to Wy (k), the Hodge
groups are free and the Hodge spectral sequence degenerates. Then X is the unique lifting
of X over Wa(k) for which the crystalline Frobenius ¢ preserves F'Hdp (X /Wo(k)).

Proof. Since the Frobenius is bijective on H%(X, W50y ), we obtain a decomposition
HL(X/Wa(k)) ~ HYX, Wy Ox) @ HY(X, Wa Q)

where the Frobenius is divisible by p on the second summand. By Corollary 5.6.1, we see
that F*H3, (X /Wa(k)) coincides with the second summand. Consequently, FLH%, (X /Wa(k))
is the unique Frobenius-stable lifting of F1H (X/k).

It remains to show that different liftings of X give rise to different liftings of F1H (X /k).
More precisely, if X /Ws (k) is another lifting such that the image F'' of F*H, (X /Wo(k))
under the crystalline isomorphism

Hip (X /Wa(k)) == Hip (X /Wa(k))
equals = FYHY (X /Wa(k)), then X ~ X. The obstruction to F! = F' s the map
F' — HgR()N(/WQ(k))/F‘l, which since 7! = F' mod p vanishes mod p and hence factors

through a map F'H%: (X/k) — H3x(X/k)/F*. Since p > 2, by Guiffiths transversality
[Ogu78b] this map vanishes on F2, and hence factors through a map

n(X): H7YX, QL) ~ grt HIg (X/k) — g Hig(X/k) ~ HY(X, Ox).
Varying X € Def x (Wa(k)), writing v = X — X € H'(X,Tx) we obtain a map
v (X +v): HY(X, Tx) — Hom(HY (X, Q%), HY(X, Ox)).

By [Ogu78b, Corollary 2.12|, this map coincides with map obtained by cup product, which
is an isomorphism in our case. U

Corollary 5.7.2. In the situation of Theorem 5.7.1, if X is either an abelian variety
or a K3 surface, then the canonical lifting X agrees modulo p* with the canonical lifting
constructed in [Del81].

Remark 5.7.3. Extending the arguments in [Ogu78b, §2|, one can show that if Xy /k is
a proper smooth variety for which the map

H' (Xo, Tx,) — Hom (H" (X, 0%, ). H* (X0, 5 1))
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is injective, and if X and X' are two liftings of X to W, (k) satisfying (DEG) and with
free Hodge groups, then X ~ X’ if and only if the crystalline isomorphism

Hig (X/Wn (k) ~ Hig (X'/Wn (k)

identifies F*H, (X/W,(k)) with FFH L (X' /W, (k)).

Specializing to the case X( a 1-ordinary variety with trivial canonical class of dimension
d satisfying (NCT) and (DEG), * = d and k = 1, we see that there exists exactly one
lifting of F*HY(Xo/k) to HZ, (Xo/Wy(k)) preserved by Frobenius (arguing as in the

cris
proof above), and that this lifting comes from at most one lifting of Xy over W,,(k). It
is unclear however whether such a lifting of Xy exists if n > 2, unless X is an abelian
variety or a K3 surface.

5.8. The first higher Hasse-Witt operation. Let (X,0) be an F-split smooth pro-
jective scheme over k, and let X = X (o) be the canonical lifting of X’ to Wy(k). Suppose

that p > 2, that the Hodge groups of X are free and that its Hodge spectral sequence
degenerates. Let H = HJj, (X /Wa(k)) for some n > 0 and let

p: H—H

be the crystalline Frobenius. By the easy case of the divisibility estimates [Maz73|, ¢
maps F! into pH and vanishes on F? (as p > 2). Moreover, by Theorem 5.0.1, we have
o(F') C F!, so that p(F') C pH N F! = pF! since F! is a direct summand of H. There
is therefore a unique morphism

8= %: H (X, 0k) —» H'Y(X, Q%)
such that the following diagram commutes

H(—)Fl—»Fl®k—»(F1/F2)®k—N>H”71(X,Q%()

4] |
H<—F'«—F'@k— (F'/F?) @ k —= H" (X, 0%).
xp
In addition, the Hasse-Witt operation HW(0): H™"(X, Ox) — H"(X, Ox) is bijective by
Proposition 2.3.1, so that the first higher Hasse-Witt operation (2.4.1)
HW(1): A" Y(X, Q%) — H" (X, Q)
is defined.

Proposition 5.8.1. We have § = HW(1).

Proof. Let € F', and let y be its image in (F'/F?)® k = H" (X, Q}() The element
B(y) is characterized by
o(z) = p- B(y) mod F?.

Let z € Fy/Fy be the image of y under the isomorphism (2.1.3)
ch N X,Qk) = R /R,

By |[BOT78, 8.26.3], we have z = ¢(x)/p mod Fy. The element HW (1)(y) is constructed as
follows: there exists a unique t € Fy N (F'®k) lifting 2z, and HW (1)(y) is the image of ¢ in
(F'/F?)®k. Since ¢ preserves F'!, we must have p(x) = pt, so that 8(y) =t = HW (1)(y)
modulo F?. O
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6. MODULAR FROBENIUS LIFTINGS

In this section we show how the construction of the canonical lifting produces certain
‘modular’ liftings of Frobenius modulo p?. For motivation, suppose that there exists
a fine moduli space M over Wo (k) parametrizing certain 1-ordinary varieties with trivial
canonical class, and that the morphism M — Spec Wy(k) is flat. Let X /M be the universal
family, and let X/M be its reduction modulo p. The construction of the relative canonical
lifting yields a family X'/M lifting X’ = F3;X. Since M is a fine moduli space, there
exists a unique morphism F': M — M such that X’ ~ F*X. This morphism is the desired
lifting of Frobenius on the moduli space M.

There are two ways of avoiding the problem of the non-existence of a fine moduli space.
First, one can consider a suitable moduli stack .#. Second, one can try to construct the
Frobenius lifting F' on the base of a family X /M which is no longer universal, but which
is universal formally locally at every point. We find the second approach more useful, and
we deal with it first, coming back to stacks in §6.2.

Before proceeding, let us recall the following result, which implies that the data of the
modular Frobenius lifting is the same as the assignment of a canonical lifting X / S of X'
to every family X/S.

Proposition 6.0.1 ([AWZ17, Proposition 3.5.3]). Let M be a flat Wa(k)-scheme endowed
with a Frobenius lifting Fy; M — M, and let M = M ® k. Then for every flat Wy (k)-
scheme S endowed with a map f: S — M there exists a canonically defined morphism
g: S — M lifting Faro f:

This lifting g s functorial, and it commutes with every Frobenius lifting on S, If f is
a lifting of f, then g = Fy; o f.
The morphism g is defined as the composition

52 wa(s) 29,y 1 iy

where on functions 6(xo, z1) = &5 + pz; for arbitrary liftings o, Z1 € O, and where t(F)
is the Cartier map, defined by t(F)(y) = (y,6(y)) where F(y) = y? + pd(y). This defines
a mapping

{liftings of Frobenius on M } — {functorial associations f — ¢ as in Proposition 6.0.1}

which is a bijection, with inverse given by evaluation at idys, at least if M is smooth over
E (so that f exists locally on 5).

6.1. Frobenius liftings in modular families. Let M be a flat Wy (k)-scheme locally of
finite type, equipped with a flat family X / M whose fibers are 1-ordinary varieties with
trivial canonical class. Suppose that this family is ‘formally universal’ in the following

sense: for every m € M (k), the natural transformation
Spf ﬁM®W2(%)7m — Deme/WQ(E)

induced by the base change of X /M to Spf éM@WQ(E)v is an isomorphism. Let X’/M be
the canonical lifting of X’ (Corollary 4.1.3).
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Proposition 6.1.1. There exists a unique lifting of Frobenius Ff; M — M such that the
families FJT%)NC/]\N/I and X' /M are locally isomorphic.

Proof. The uniqueness is clear, as any two such lifts have to coincide on Spf % NeWs (k)

M
for every m € M (k). This implies that the existence of Fy, can be checked locally. We let
P =TIsomy,, (i X, m3X');

this is the scheme representing the functor associating to S/Was(k) the set of triples

(: S — M,3: 8 = M,i: o* X' ~ g*X).
Being an open subscheme of the Hilbert scheme of the product family ﬂf)w( X 7T§)N( ' it is
a scheme locally of finite type over Wa(k). We let 7: P — M be the projection mapping
(v, By 1) to au.

The problem of constructing F; can now be restated as follows: the data (idas, Fiyr,id)
produces a section o: M — P of m: P — M, and we wish to extend it to a section M — P
locally on M. For this, it is enough to show that 7 is smooth along the image of o.

To this end, we can replace :che base M with SpAf Oi10w, (B By pro-representability,
there exists a unique §: Spf ﬁM@Wg(E) - — Spf ﬁM@Wg(E) - such that X’ ~ g*X. Fix

such an isomorphism ¢, then the base change of P to Spf ﬁAM(gWQ(/}) - becomes identified
with the automorphism scheme of X', which is smooth by [Ser06, Theorem 2.6.1]. U

Remark 6.1.2. The lifting of Frobenius Fj;: M — M corresponds to a morphism
t(Fy): Wo(M) — M,

and hence yields a natural extension of X/M to Wy (M). See [BG16] for similar consider-
ations.

6.2. Frobenius liftings on moduli stacks. Consider the stack .# on the big étale site
of Z/p*Z associating to a scheme S over Z/p?Z the groupoid of flat schemes X /S whose
geometric fibers are 1-ordinary varieties with trivial canonical class. We wish for .Z to be
a flat (or even smooth) Deligne-Mumford stack, but this is false already for K3 surfaces.
In any case, the diagonal of .# is representable by schemes locally of finite type.

To circumvent this difficulty, we choose an open substack % C .# which is a Deligne—
Mumford stack and flat over Z/p?Z. In simple terms, there exists a flat algebraic space
S over Z/p*Z and a surjective étale map f: S — % . The map f corresponds to a family
X/S € #(S) which is formally universal.

We note that there exists a largest such substack %: take Sy to be the disjoint union
of all flat algebraic spaces over Z/p?Z endowed with an étale map to .#, and let S; =
So X_z So (which is an algebraic space, since the diagonal of .# is representable). Then

St So

defines a groupoid presentation of an open substack % C .#. A 1-ordinary variety with
trivial canonical class X/k defines a point in % (k) if e.g. H*(X,0x) = 0 and its formal
deformation functor is pro-representable and flat over Wy (k).

The Frobenius liftings constructed in §6.1 on S7 and Sy descend to produce a lifting of
Frobenius Fy : %4 — % .

Remark 6.2.1. Since abelian varieties and K3 surfaces possess non-algebraic deforma-
tions, the above construction does not apply on the nose to the moduli stacks of such
varieties. However, it can be adapted to produce Frobenius liftings on the moduli of prin-
cipally polarized abelian varieties: a principal polarization is an isomorphism A — AV
and it is clear that such a structure is preserved by the construction of the canonical lift-
ing. Similarly, for ordinary K3 surfaces in characteristic p > 2, the formal subscheme of
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Def x where a given line bundle L deforms is preserved by the Frobenius lifting by [Del81,
2.2.2], and hence one can construct a Frobenius lifting modulo p? on the moduli stack of
polarized ordinary K3 surfaces in odd characteristic.

7. FROBENIUS AND THE HODGE FILTRATION (II)

7.1. The modular Frobenius lifting preserves F!. Let X/k be a 1-ordinary variety
with trivial canonical class. Suppose that the deformation functor S = Def X/Wa(k) 18
pro-representable and smooth over Wy (k). Corollary 4.1.3 applied to the reduction X/S
of the universal family X / S yields a family X’ lifting X' = F $X, which is isomorphic to
FE)N( for a unique Frobenius lifting Fig: S — S.

Theorem 7.1.1. The crystalline Frobenius map induced by the Frobenius lifting Fg
p(Fg): Hip(X/8) — Hir(X/S)
maps F*H (X /S) into itself.

This should be contrasted with the fact that for the canonical lift of a family X/S, every
Frobenius lifting on S preserves F' (Theorem 5.0.1). Interestingly, we deduce Theo-
rem 7.1.1 from this fact.

Proof. We have to show that the map of &g-modules
X X o on PFs) S S
FiF' — FiHR(X/8) —5 H{R(X/S) — Hip(X/8)/F*

vanishes. Since Fg: S — § is faithfully flat, it is enough to check this after pull-back by
Fg. On the other hand, F bi)w( is by definition of Fg the canonical lifting of the family
X/S. By Theorem 5.0.1, we know that

p(Fg): Hig(F5X/8) — Hp(FEX/S)

~

preserves F''. But HgR(FbiX/g) ~ FbngR()N(/g) compatibly with Frobenius, and hence

the result. O

Our remaining goal in this section will be to employ the above result in order to relate
the Frobenius lifting Fy to the first higher Hasse-Witt operation of X (§7.2). This will
be then applied in §7.3 to show that X can be deformed to a 2-ordinary variety, and to
show that the property of preserving F'! actually characterizes F 5. This in turn allows
us to compare Fg with the classical construction in the case of abelian varieties and K3
surfaces.

7.2. The modular Frobenius lifting and the first higher Hasse-Witt operation.
Let S = Spf Wy(k)[[t1,...,t,]] and let Fg: S — S be a Frobenius lifting. Let H =
(H,V,F*, ) be a Hodge F-crystal over S (Definition 2.7.1). Let

¢: Ty — Hom(F'/F? H/F")
be the map induced by V. Suppose that the Frobenius map
<p(FS~)F§: H—H
maps F! into F'' and vanishes on F?, yielding maps
¢o: H/F' — H/F' and ¢,: F'/F? — F'/F?

Suppose in addition that the map ¢ is bijective.
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Proposition 7.2.1. In the above situation, the following square commutes

Ty v Hom(F!/F2, H/F")

dpgl l

FiTg Hom(F4(F'/F?), F5(H/F")),

*
Fgw

where v maps a homomorphism f: F1/F? — H/F! to the composition
. f o,
Fy(F'/F?) 25 F'/F? = H/F' =~ F4(H/F").
Proof. Let v € T4, we show that the two images of v in Hom(FE,(Fl/FQ),F;;(H/Fl))
agree after post-composition with ¢g: FE,(H/FI) — H/F'. Let x € F!, then
o(1(1(v)) (F(x) mod F?)) = (Vyp(Fg)(x)) mod F
while
0 (F3(1)(dFg(v)) F4(x) mod F2)) = o(Fg) (F5V ap, ) mod FY.
Thus the assertion follows from the fact that ¢(Fg) is horizontal, i.e.
Vo(p(Fg)(Fgx)) = o(Fg)(VoFgz) = o(Fg)(FgVap(w)T)- 0

Corollary 7.2.2. Let X be a l-ordinary variety with trivial canonical class with unob-
structed deformations over Wa(k). Suppose that p > 2 and that the assumptions in §2.7
are satisfied. Then the following square commutes

HY(X,Tx) —= Hom(H1(X,0%), HI(X, Ox))
5(1.5.2)l lHom(HW(l),HW(O)l)
HY(X,Tx) — Hom(H¥1(X,Q4), HY(X, Ox)).

Consequently, X is 2-ordinary if and only if the Frobenius lifting Fyg is ordinary (Defini-
tion 8.1.3).

7.3. Applications. If S is a smooth scheme over Wo (k) with a Frobenius lift Fig, then the
induced map £ = %F E: F 559}9, e Q}g n is injective and hence generically an isomorphism.
We deduce that the 2-ordinary locus is a dense open subset in the moduli of 1-ordinary
varieties as in Corollary 7.2.2. More formally, we have:

Corollary 7.3.1. Every l-ordinary variety X as in Corollary 7.2.2 admits a formal de-
formation over k[[t]] whose generic fiber is 2-ordinary.

Corollary 7.3.2. Under the assumptions of Corollary 7.2.2. The Frobenius lifting Fg in
Theorem 7.1.1 is the unique Frobenius lifting on S for which p(Fg) preserves F*H4,(X /S).

Proof. Suppose that F is another Frobenius lifting preserving F'' and write

We have to prove that f; = f/ for all . Proposition 7.2.1 implies that dFg = dF, so that
fi — fl = g% for some g; € k[[t1,...,t,]]. Let v = Zgi%; if Fg # F, then v # 0. Since
the ‘Kodaira—Spencer’ map

grV: Ty — Hom(F'/F? H/F')

is an isomorphism, there exists an x € F'! such that V,x ¢ F!.
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As p > 2, the ‘change of Frobenius’ formula (2.7.1) gives
® * ) / *
p(Fg)Fsw = o(F)F 'z + le(fz — [)e(F)F*(V o x)

(7.3.1) = p(F)F*x + pp(Fs)F&(Vyx) for x € H.
Since the Frobenius of S induces an isomorphism on H/F! ® k, we have
o(F)F* (Vo) ¢ F!
so the corresponding term in (7.3.1) is not in F'', a contradiction. O
Applying [Del81, Appendix|, we obtain:

Corollary 7.3.3. In the situation of Theorem 7.1.1, if p > 2 and X is either an abelian
variety or a K3 surface, then the Frobenius lifting Fg on S = Def x w,x) agrees with the
restriction modulo p? of the Serre-Tate Frobenius lifting constructed in [Del81].

8. CANONICAL COORDINATES

8.1. Ordinary liftings of Frobenius. Let S = Spf W (k)[[t1,...,t,]], and let S be its
reduction mod p.

Lemma 8.1.1. Let F': S — § be a lifting of Frobenius. There exists a unique map over
Wa(k) N
f: SptWa(k) — S
which commutes with the Frobenius lifts.
Proof. This is standard. See e.g. [Kat73, §1.1]. O
Definition 8.1.2. We call f the Teichmiiller point associated to F', and denote the ideal
of its image by Ji C Og.
Since the map F*: F *Q% — Q% vanishes modulo p, there exists a unique mapping
£: Fi0L — Qf
such that F*(w) = p - £(wmodp), as in (1.5.1). Explicitly, if F(t;) =t + pf; then
g(dt;) =t~ dt; + df.
Definition 8.1.3 ([Moc96, III §1]). We call a lifting of Frobenius F': § — § ordinary if
the map £ is an isomorphism.
Remarks 8.1.4. 1. The determinant of £ sends the generator
F*(dty A ... Ndt,)
to
(7 Nty + dfy) A A (27 + df),

which equals df; A ... A df, modulo (t1,...,t,) - QL. In particular, the lifting Fis
ordinary if and only if the Jacobian

df;
det | =—| €O
‘ [3%} °
has invertible constant term.
2. If F'is ordinary, the fixed point set of &

{we Q5]éw) =w}
is an Fj,-vector space of dimension r, and any basis yields a basis of Q}g as an Og-module.

3. An easy calculation using the fact that F* vanishes on Q% shows that d o £ vanishes.
In particular, forms fixed by £ are always closed.
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8.2. Comparison with the p-th power map. We are interested in identifying the group
Q(F) consisting of ¢ € ﬁg for which F™*(q) = ¢P. For this, we note first that ‘subtracting’
the diagrams with exact rows

005~ Lo 05 —1 and 0—05—L0F —0; —1
Fxl lp lFX 0[ lfoP lfefp
0— 05 2207 —> 05 —>1 0— 05— oy —> 05 —>1
yields
0—> 05— 6% —> 0% 1
Fst fHﬁ*J/(f)/f” Ll
0—> 05— 6% —= O0F —1.

Snake lemma then gives an exact sequence

0 — Q(F) — 0% = 050",
The composition of § with the injective map d: Og/0% — ZQ§ maps f to &(df)f~P —
dlog f, which vanishes precisely if £(dlog f) = dlog f. This gives

Q(F) = {f € 05 |&(dlog f) = dlog f}.
Lemma 8.2.1. Suppose that w € QL satisfies {(w) = w. Then w = dlogq for some
q € 0%, uniquely defined up to O".

Proof. Since dw = 0 (Remark 8.1.4.3), we have C'(w) = C({(w)) = w. On the other hand,
we have the short exact sequence [I1179, Corollaire 2.1.18, p. 217|

1— 0565 — 20k <=H ol —o.

which yields the result. O

8.3. Canonical multiplicative coordinates. We will call a tuple of elements ¢1,..., ¢, €
O'g multiplicative coordinates if

(Q1_1"",QT_1ap)

is the maximal ideal of Wa(k)[[t1, ..., t]].

Multiplicative coordinates give rise to the Frobenius lifting F' defined by F *(gi) = ¢¢
which is easily seen to be ordinary. For the converse, we have the following result, whose
version ‘over W (k)" was proved in [Del81, Corollaire 1.4.5] under the assumption p > 2.

Proposition 8.3.1. Let [': A — A be an ordinary lifting of Frobenius and let wy, ..., w,

be a basis of {w € O [{(w) = w} = F}.

(a) There exist multiplicative coordinates qi,...,q. € Os, unique up to O°, such that
w; = dlogq;. They admit unique liftings to multiplicative coordinates G; € Og such
that F*(g;) = .

(b) The ideal Jg is generated by ¢; — 1.

(c) If ¢},...,q. € Os have the same property, then
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Proof. The first assertion follows directly from Lemma 8.2.1. For the second, by Lemma 8.1.1
it is enough to note that the map Wa(k)[[g1 — 1,..., G — 1]] — Wa(k) sending all ¢; to 1
commutes with the Frobenius lift. For the last assertion, again by Lemma 8.2.1 we have
q¢; = uf'q; for some l-units u; € Og. Let @; € Og be a lifting such that @; — 1 belongs to
(i —1,...,¢- — 1) = Jp. Then ¢, = aq;, so

g — G = g(ah —1) = g;F*(a; — 1) € F(Jp). O]
9. APPLICATIONS TO ISOTRIVIALITY

In this section, we deduce certain ‘hyperbolicity’ properties of the 2-ordinary locus of the
moduli of d-dimensional varieties with trivial canonical class satisfying the conditions

(9.0.1) HY(X,0x) = H*X,0x) = HY(X, Q%) =0.

More precisely, suppose that S is a simply connected base with no non-zero global one-
forms. We prove that a family of 2-ordinary varieties with trivial canonical class, smooth
deformation space, and satisfying the above conditions and conditions (NCT) and (DEG)
over S is necessarily isotrivial. We remark that results in a similar direction appear in
[Ogu78a, Theorem 3.4]. The essential point of the argument is that the moduli space
classifying varieties in question is a smooth Deligne-Mumford substack of % (defined in
§6.2) equipped with an ordinary Frobenius lifting (see Definition 8.1.3). We denote this
stack by Z/™.

First, we state a general lemma which we shall then use for the above stack.

Lemma 9.0.1. Let S be a smooth simply connected variety such that HO(S, Q}g) =0
Suppose that A is a Deligne—Mumford stack admitting an isomorphism F*Qi// o Qi//
Then for every morphism f: S — 4 the differential df : f*Qi// — Q}q 18 zero.

Proof. Let f: S — .# be a morphism. The pullback of the given isomorphism induces
an isomorphism ngf*Q;/ — f*Qifl By the results of [LS77] this implies that f*Qifl is
étale trivializable, and hence trivial because S is simply connected. Consequently, the
differential df : OC ~ *Q‘l//z — Q}g is induced by a collection of sections Q}g, and therefore
is zero. U

Remark 9.0.2. In characteristic zero the assumption H(S, Q%) = 0 follows from 7$t(S) =
0. This is no longer true in characteristic p, for example for supersingular Enriques surfaces
in characteristic 2 [I1179, Proposition III 7.3.8, p. 658].

We now apply the above lemma for the stack 7°™. By §6.2, we know that %™ is a
smooth Deligne-Mumford stack, and admits an isomorphism F*Q} .. — Q.. induced
by the differential of the modular Frobenius lifting.

Proposition 9.0.3. Let S be a smooth simply connected variety over a perfect field k of
characteristic p > 2 such that H°(S,Q%) = 0. Then there are no non-isotrivial families

over S of 2-ordinary varieties with trivial canonical class satisfying conditions (NCT),
(DEG), and (9.0.1).

Proof. Suppose X — S is a non-isotrivial family of 2-ordinary Calabi—Yau varieties satisfy-
ing conditions (9.0.1), and let f: S — %*™ be the corresponding non-constant morphism.
The dual of the differential df : f *Q}Z/sm — Q}g can be identified with the Kodaira—Spencer
class KSy,g, and therefore we may apply the following reasoning repeatedly. Either, df
is non-zero and we obtain a contradiction with Lemma 9.0.1 or df is zero, which by the
mentioned identification, allows us to apply to Theorem B.0.1 to descend X — S via the
relative Frobenius Fgp: S — S’, that is, construct a factorization f = f’o Fs/p, with
f'+ 8" — ™ non-constant. We now substitute f with f’ and reiterate the argument.
By Lemma 9.0.4 given below, the second situation can only happen finitely many times
and therefore the proof is finished. O
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Lemma 9.0.4. Let f: 2 — % be a non-constant morphism (i.e., it does not factor
through Spec(k) on any étale chart) of noetherian Deligne—Mumford stacks, with 2 con-
nected. Then there exists an integer n > 0 such that f does not factorize via the n-th
power of the Frobenius morphism E’;{/k: X — ™

Proof. Let X — 2" and Y — % be the étale charts such that f lifts to a morphism of
schemes ¢ in the diagram

Assume that f factors through the n-th power of the Frobenius morphism F": 2~ — 2" ().
By [SGA 5, XIV=XV §1 n°2, Pr. 2(c)| this implies that g factors through the n-th power
of the Frobenius of X. For noetherian schemes, the claim is then clear using Krull’s
intersection theorem. O

The following remark was suggested to us by Yohan Brunebarbe.

Remark 9.0.5. It is conjectured that on simply connected varieties all F-isocrystals are
trivial (see [ES15] for a proof in a special case), and hence the Newton polygon does not
change among the fibers. Consequently, in a family of varieties with trivial class satisfying
assumption (NCT) — necessary for Hodge polygons to be constant, if one geometric fiber
is 2-ordinary then all the fibers are. The conjecture and our results therefore imply that
no simply connected variety intersects the 2-ordinary locus of the moduli space of varieties
with trivial canonical class.

9.1. Alternative version. In what follows we give a more direct proof of the above
results without any reference to the moduli stack. Let S be an integral scheme over k,
and let f: X — S be a family of smooth varieties of dimension d, such that the Hodge
sheaves

R 0<i<d
are locally free, and the relative Hodge to de Rham spectral sequence
RfO%) = Hip(X/S)

degenerates. Using [DI87, §4], we see these conditions are satisfied if the family lifts mod
p? and is of relative dimension d < p, or if all the fibers satisfy assumptions (NCT) and
(DEG).

Using [Kat72, §2.3|, the conditions imply that the Hasse-Witt operators can be defined
in the relative setting. In order to define HW(0)y/g, we let f': X’ — S be the Frobe-

nius twist of X/S. The base change map induces a morphism F ngd f.O0x — ReflOx
whose composition with the natural map R f.0x — RdeFX/S,*ﬁX = Ref,0x gives
a morphism
HW(0)y/s: F&Rf.Ox — Rf.Ox,
whose specialization for every s € S is identified with the p-linear map
HW(0): HY(X,, Ox,) — HY(X,, Ox,) (cf. §2.3).
Once HW (i — 1) x/g is an isomorphism, we can define
HW (i) y/s: F§Rd*if*Qf'X/S — Rd*if*Qf'X/S,
which specializes to HW (i) on the fibers.
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Proposition 9.1.1. Suppose S is a smooth simply connected variety over a perfect field k
of characteristic p > 0 such that H°(S, Q}g) = 0. Then there are no non-isotrivial families
over S of 2-ordinary varieties with trivial canonical class satisfying (NCT) and (DEG).

Proof. First, we observe that the conditions required to define relative Hasse-Witt opera-
tors are satisfied. Since the fibers are 2-ordinary, the maps HW(0) x,s and HW (1) x/g are
well-defined and yield isomorphisms

F§(Rf.0x) = Rf.0x  F§(RI£.0%5) = R f.0% .

By [LS77], this implies that R?f,O0x ~ f.wx /s and RA-1 f*Q}( /s are trivial vector bundles.
Consequently, using the fact that the fibers have trivial canonical class and Corollary 2.6.4,
we see that the dual

(R f.0%)s)" = R' fu(Tx/s ® wxys) =~ R' f.Tx)s.

is also trivial. As in the above proof, using the Frobenius descent (see Theorem B.0.1), we
may assume that Kodaira-Spencer map T — R! [«Tx/s is non-zero. Its dual therefore
furnishes a non-zero differential 1-form on S which finishes the proof. O

10. SERRE-TATE THEORY A'LA NYGAARD

Let X/k be a 2-ordinary variety with trivial canonical class defined over an algebraically

closed field k. We set
d=dimX, r=dimH"YX, Q%) =dimHY(X,Tx).
In addition to (NCT) and (DEG), we assume that
H*™(X,0x) =0=HX,0%),

(equivalently, HY(X,0x) = 0 = H%(X,Ty), i.e. Pic(X) and Aut(X) are reduced and
discrete). The first assumption implies that the Artin-Mazur formal group ®x is pro-
representable (see §2.5). The second one implies that Defx is pro-representable, and
follows from the first if Hodge symmetry holds for X.

The goal of this section is to show that Nygaard’s construction of Serre—Tate theory
for K3 surfaces [Nyg83| (see [Warl4| for the Calabi-Yau threefold case) works without
much change for varieties X as above under the assumption that the deformation space
is smooth. We keep the discussion quite brief; in particular, we avoid any mention of
enlarged Artin—Mazur groups, though they are still ‘morally’ present in the background
(see Remark 10.2.3).

10.1. Hodge—Witt and flat cohomology. The following two Z,-modules will be of key
importance:

U = Hg (X/W (k))7=P.
We shall relate U and E to the Hodge-Witt cohomology H¥(X, W O ) and H (X, WQL)
and the cohomology groups H (X, Z,) and H§(X,Z,(1)). Recall (e.g. from [[1179, II 5.1])
that the latter group is by definition the inverse limit of the flat cohomology groups
Hg(X , pn ), which by the p™-Kummer sequence can be identified with the Zariski coho-

mology groups H (X, ﬁ)x(/ﬁ;(pn), and that the maps
dlog[—]: O%/0%" — W,0%
define by passing to the limit a map dlog: HE(X,Z,(1)) — H¥"1(X, WQL).

(X/W(k)#=!, E=H¢

cris

Lemma 10.1.1. The Z,-modules H% (X, Z,) and HY(X,Z,(1)) are torsion free, the maps

HE(X,Z,) — HYX,Wox)F=",  HY(X,Z,(1)) 2% BOY(X, W)=
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are bijective and induce isomorphisms
H&(X,Z,) @ W (k) = HU(X,WOx), HE{(X,Z,(1)) @ W(k) = HH (X, WQY).

Proof. A careful analysis of the proof of [BK86, Lemma 7.1] shows that the cohomology
vanishings given by Proposition 2.3.1(ii) and Lemma 2.4.3 are sufficient to obtain the
required assertions. U

The 2-ordinarity assumption implies by Proposition 2.4.1 that we have a decomposition
(10.1.1)  (H&s(X/W (k) 0) = (U@ W(k),1©0) & (E @ W(k),p®0) ® (Hx2,p"¢).

On the other hand, under certain soon to be verified assumptions [IR83, Cor. 4.4 p. 201],
the slope and conjugate de Rham—Witt spectral sequences yield a decomposition

(10.1.2) HE (X/W (k) ~ H(X,WOx)® HIH X, WQL) @ HUX, 7. W Q%)
Proposition 10.1.2. The decompositions (10.1.1) and (10.1.2) coincide. Consequently,
U~ HYX Wox)'=' ~ 04 (X,Z,)

is a free Z,-module of rank one and
E~ H7Y X, W)= ~ Hi(X,Z,(1)).
is a free Z,-module of rank r.
Proof. To apply [IR83, Cor. 4.4 p. 201] we need to check that H4~1(X, ZWQL) and

HYX,Z WQ&) are finitely generated W-modules and that the inclusion induces an iso-
morphism H4Y(X, ZWQL) = HI7L(X, WQL). By [IR83, (1.3.1), p. 174], we have
H* (X, ZW Q) = lim H* (X, W Q).
F

The required assertions follow now from the fact that F' is bijective on the finitely generated
W-modules H4~1(X, WQL) and HY(X, WQL)(= 0). Since a decomposition of the type
(10.1.1) is unique, we obtain the desired assertion. O

We note for future reference that the above assertions imply in particular that the

composition
B~ HY(X,Z,(1)) — H{(X, ) = HEN(X, 03)0%7) =% BN (X, %)

induces an isomorphism E ®z, k = H471(X, QL ).
10.2. Serre—Tate theory for 2-ordinary varieties. Recall that by §2.5 we have an
isomorphism ®y - U ® G,, inducing the identity HY(X,0x) = H¥(X, Ox) on the
tangent spaces. By rigidity, for every deformation X of X over an Artinian local ring A
with residue field k, there exists a unique isomorphism ® ¢ = U ® Gy, 4 extending the
given one.

Let X /A be as above, and let n > 0 be such that m’; = 0. We have a short exact
sequence
(10.2.1) 0—14+maly — O30 — O0%/0F" — 0.
We let 8, be the composition
Bt HY(X, ppn) ~ HYX, 65 /65F") 25 HUX, 1+ ma0y) = By (A) = U@ (1 +mp).

where § is the connecting homomorphism induced by (10.2.1). The sequence of maps 3,
for n > 0 induces a homomorphism on the inverse limit

B: B = HY(X,Z,(1)) = lim HY(X, jy) — ®5(A) = U@ (1+my).
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Varying A and X, we obtain a natural transformation
~v: Defxy — T,
where T' = Hom(E,U) ® G, is the formal torus with co-character group Hom(E,U).
Proposition 10.2.1. The map v induces an isomorphism on tangent spaces
v+ Defx (k[e]/ (%)) = T(k[e]/ ().

Proof. We note first that using Proposition 10.1.2 and Lemma 10.1.1 the target can be
identified with

Homgz, (H§(X,Z,(1)), HY(X,1 + e0x)) = Homp, (HJ(X, 1), HY(X, Ox))
(10.2.2) = Homp, (HS (X, 0%/0%7)), HY(X, Ox))
(10.2.3) = Homy (HT1(X, Qk), HY(X, Ox)).
On the other hand, a deformation X € Def x (k[¢]/(£2)) corresponds to an element KSy €
H'(X,Tx). Cup product with KS induces a homomorphism
UKS: H&L(X, Q) — HYX, 0),
which coincides with the boundary homomorphism coming from the short exact sequence
0—>6’X—di>§2§<—>9}<—>0.
This defines a bijection
(10.2.4) Def x (k[e]/(€2)) ~ HY(X, Tx) = Homy(H*1(X, Q4), HY(X, O0x)).

We shall prove that this map equals v under our identification (10.2.3).
The short exact sequence above fits inside a commutative diagram with exact rows

0—=1+e0y —> 050 — 0%/0F —=0

log[ ldlog Ldlog

0 eOx Q}(/k Q}(/k 0,

which induces a commutative square

HI (X, 0% )07 *—~ HI(X,1 +c0x)

dlogl Zlbg

H&Y X, Q%) HYX,0x).

UKSX

Since § above corresponds to v(X) under the identification (10.2.2), it follows that KSy
corresponds to (X ) under the identification (10.2.3), as desired. O

Corollary 10.2.2. If X has unobstructed deformations over Wy, (k) for some m > 1,
then v induces an isomorphism

Remark 10.2.3. In the above discussion, we chose to be as direct as possible. In par-
ticular, the reader might be surprised by the absence of p-divisible groups. The enlarged
formal group Wx generalizing the one used by Nygaard can be reconstructed as follows.
Let X /A be deformation of X, corresponding to a homomorphism

B: HY(X,Zy(1)) — @5 (A) = HY(X,1 +m40%).
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One can construct a morphism 3 making the diagram below commute.

Hﬁl(X7 Z,(1)) — Hﬁl(X7 Z,(1) ® Qp — Hﬁl(X7 Z,(1) ® Qp/Zy —=0

| | !

0—>Hd()N(?1+mAﬁ)N() H{('li()N(,:u‘poo) Hicil(qupoo)

0

0.

By a reasoning analogous to [Nyg83, Corollary 1.4], the right arrow is an isomorphism,
thus setting ¥ (B) = HY(X ® B, py~) as in [Nyg83, Corollary 1.5], the bottom row can
be interpreted as the extension of p-divisible groups

0— &5 — Uy — HI(X,Z,(1)) ® Q,/Z, — 0,

which is the pushout of the top row above under 3. Consequently, this extension corre-
sponds to [ under Messing’s isomorphism

Homz, (H{(X,Z,(1)), ) = Extiy(H{ (X, Zy(1)) © Qp/Zp, 5),
and our torus 7" is identified with the deformation space of Wx.

Question 10.2.4. Let L be a line bundle on X. The assumption that H4 (X, 0x) =0
is equivalent to H'* (X,0x) = 0, so the forgetful transformation Defx j; — Defx ~ T
is a closed immersion. Is its image preserved by the Frobenius lifting on Defx, e.g. the
kernel of a character of 77

This is the case for K3 surfaces [Del81, 2.2.2]: the crystalline Chern class ¢;(L) lies in
E = H>(X/W (k))F=P. 1f x € Hom(T, G,,,) = Hom(U, E) maps a basis element of U ~ Z,
to c1(L), then Defx 1 = ker x.

A positive answer would provide the moduli spaces of polarized 2-ordinary varieties
with trivial canonical class with a natural Frobenius lifting.

10.3. Comparison with canonical liftings constructed in §4. Corollary 10.2.2 gives
in particular a notion of a canonical lifting: we denote by X,,,/W,11(k) the lifting of X
corresponding to the neutral element of T'(Wy,11(k)) under v (10.2.5).

Proposition 10.3.1. The canonical lifting X /Wo(k) constructed in §4 is isomorphic to
X{. In particular, the crystalline Frobenius preserves F*Hdp (X1/Wa(k)).

Proof. Recall from Lemma 4.2.2 that the restriction map 0% — 0y, admits a section.
Consequently, the sequences (10.2.1) are split, and hence 8 = 0. O

Question 10.3.2. Does the crystalline Frobenius preserve F1H3 (X, /Wit1 (k) for m >
1?7 Does the Frobenius lifting on Def x corresponding to the p-th power map on 7" under
(10.2.5) satisfy the natural analog of Theorem 7.1.17

For abelian varieties and K3 surfaces [Del81], the answer is to both questions is positive.

For more general varieties with trivial canonical class, one runs into the problem that not
every lifting of F1HS:(X/k) to HE, (X/W,,(k)) comes from a lifting of X. We were

cris
able to overcome this difficulty (an avatar of Griffiths transversality constraints on period

maps) only modulo p?.
APPENDIX A. FINITE HEIGHT

In [Yob17], Yobuko defines the notion of a quasi-F-splitting, more general than an F-
splitting, and proves that a smooth quasi-F-split variety can be lifted modulo p?, gen-
eralizing the argument for smooth F-split varieties [I1196, §8.5]. He also shows that for
Calabi—Yau varieties, being quasi-F-split is equivalent to the height of the associated
Artin—-Mazur formal group being finite. In this section, we give a somewhat different
point of view on Yobuko’s construction. Based on this, we extend our construction of
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a canonical lifting associated to an F-splitting to quasi-F-split varieties, thus showing
that there is a preferred lifting mod p?. In particular, we show that the smoothness as-
sumption used by Yobuko is not necessary. Some of our results were observed earlier by
Adrian Langer (unpublished).

It would be interesting to extend this construction to families and to generalize the
Serre-Tate theory discussed in this paper to varieties with trivial canonical class of finite
height in the spirit of [NOS85].

A.1. The canonical lifting. Yobuko defines a quasi-F-splitting of level m on an Fj,-scheme
X as an additive map o: W,,,0x — Ox satisfying o(1) = 1 and which is F-linear in the
sense that

o(Fz-y) =0 o(y).
We have a short exact sequence
00— Wmﬁx —V—> Wm+1ﬁx ﬁ) ﬁx — 0.

Lemma A.1.1. Let 0: W,,0x — Ox be a quasi-F-splitting of level m on an Fy-scheme
X. Then the image of ker(o) under V is an ideal in Wy,41 0.

Proof. Suppose that © € W,,,0x satisfies o(x) = 0, and let y € W,,,110x. Then
y-V(z)=V(F(y) - )
and
o(F(y)-z)=y-o(x)=0. O

Corollary A.1.2. Leto: W;,,Ox — Ox be a quasi-F'-splitting of level m on an Fp-scheme
X. Then the quotient

ﬁ)w( = Wm+1ﬁx/V(keI‘O’)
defines a lifting of X over Z/p*Z, fitting inside a pushout diagram of exact sequences

00— WnOx —> Win10x " oy 0
0 Ox 7 Ox ——0.

Proof. Since o is surjective, the left square is a pushout. To prove that 0% is a lifting, we
need to check that the composition

Ox — Ox — O%
equals multiplication by p. Let f € & s be the image of
f=Uos- s fm) € Wint10x.
Then the image of f in Oy is fo, which is the image under o of
Ff=(f8,....f2) e W,,0x.
This in turn has image V(Ff) = pf in W,,Ox, which maps to pf under . O

Definition A.1.3. We call the lifting X constructed in Corollary A.1.2 the canonical
lifting associated to the quasi- F-splitting o.
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A.2. The sheaf F,,0x and Witt vectors mod p. Suppose now that X is a smooth
scheme over a perfect field k of characteristic p. We denote by

C: 70 — Q%
the Cartier operator. The sheaf Z,, QY C F™QL consists of local sections w such that
w,C(w),...C™ (W)

are closed. The subsheaf B,,,Q% C Z,,,Q% consists of local sections w such that C™~(w) €
B}(. The map

Dt EWinOx — Bk, (foroo s fnet) = 27 Ndfo + .+ dfpy
is W, Ox-linear, and there is a short exact sequence of W,,,&x-modules
0 — WOy - E Wm0y 22 B,Q%k — 0.
In this situation, Yobuko defined a natural extension of &x-modules (denoted (e, ))
0 — Ox — FnOx — B,k — 0

and showed that Ox-linear splittings of this sequence correspond to quasi-F-splittings as
defined previously. The exact sequence (e,,) is defined by the pullback diagram

0—>6’X—>]:mﬁx—>BmQ}(—>0

T

00— Ox —= F.0x —= BiQ% —> 0.

In particular, if X is F-split, the bottom row is, and hence so is (e,,). Yobuko observes
that (e;,) can also be defined as a pushout

0 —— Wy Ox —= B W Ox —22= B Ql — 0

-]

0 Ox FmOx —— Bp,Q% —0.

It follows that quasi-F-splittings are precisely &'x-linear splittings of (e, ).
We shall now elucidate the sheaf %, and its Ox-algebra structure. Let X be an F)-
scheme. Following [HMO03, §3|, we denote by

WmﬁX = WmﬁX/p : WmﬁX

the mod-p reduction of the ring of Witt vectors of length m over Ox. Recall from op.cit.
that the p-th power of the Teichmiiller map

[_]p: ﬁX — Wmﬁx
is additive modulo p, and therefore induces an Ox-algebra structure
p=[-Pmodp: Ox — W,,0x

on W,,0x. In addition, the following triangle commutes

Ox —L =W, Ox

N

Ox.
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Consequently, p is injective if X is reduced. We denote its cokernel by B,,, so that there
is a short exact sequence of 0x-modules

0— Ox — W,,0x — By, — 0.

The formula
Viz)-V(y) =V(FV(z)-V(y) =p-V(zy)
implies that the multiplication in W,,0x is highly degenerate.

Remark A.2.1. The existence of p can be also seen as follows (cf. [OVO07, §1.1]): the
kernel VW,,_10x of R™1: W,,0x — Ox has a natural divided power structure, and
hence so does the kernel I of

R™ L. Wmﬁx — Ox.

It follows that f? = 0 for every f € I, and hence the absolute Frobenius of W,,0x factors
naturally through Ox.

Proposition A.2.2. The following diagram is a pushout square

W,,0x —2=W,,0x

| |

Ox WnOx.

p
Proof. The commutativity of the diagram follows from the formula
F(f07---7fm—1) - (fgaa 71’;71)
= [folP + VF(f1,-.., fim-1)
=[folP +p-(f1,.--, fm—1) = p(fo) mod p.

Since the vertical arrows are surjective, it remains to check that the induced map
F: ker R™ ' — kern
is an isomorphism. This follows from
F(ker R™™') = F(V(Wp_10x)) = p- Wy 10x. 0

Corollary A.2.3. Suppose that X is a smooth scheme over k. There are natural isomor-
phisms

W,.Ox ~ Fn,Ox and Bm:BmQﬁ(

fitting inside a commutative diagram,

0——=0Ox —2W,,0x B,, 0
Lk
0 Ox FnOx —— Bk —= 0.

We can therefore rephrase the definition of a quasi-F-splitting as follows.

Definition A.2.4. Let X be an Fj-scheme. A quasi-F'-splitting of level m on X is an
Ox-linear splitting o: W,,0x — Ox of the map

p: ﬁx —)Wmﬁx.
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APPENDIX B. FAMILIES WITH VANISHING KODAIRA-SPENCER

Let k be a perfect field of characteristic p > 0 and let S be a smooth k-scheme. Let
f: X — S be a smooth morphism. Applying Rf, to the short exact sequence on X

(B.O.l) 0— TX/S — TX/k — f*TS/k —0
yields an exact sequence on S
. §
(B.0.2) 0 — fiTx/s — [Txse — fof Ty = R fiTx/s.
The Kodaira—Spencer map of X/S is the map
KSX/SZ TS/k — le*TX/S

obtained as the composition of the adjunction map Tg/, — f«f*Ts), and the map
0: f*f*TS/k — le*TX/S-

Theorem B.0.1 (compare [Ogu78a, Lemma 3.5]). Suppose that KSx,g = 0 and f.Tx g =
0. Then there exists a canonical cartesian diagram

(B.0.3) X——>Y

]

S——=29".
Fs/i
Proof. The assumptions KSx/g = 0 and f.Tx/s = 0 combined with the exactness of
(B.0.2) show that the adjunction map T/, — f«f*Ts, factors uniquely through a map
w: Ty, — fiTx/,. By another adjunction, we obtain a map v: f*Ts/, — Tx/; which
splits (B.0.1). We check that v defines a 1-foliation (see [Eke88, 1.1, p. 104]), i.e. that
its image is closed under the Lie bracket and p-th iterates. The respective obstructions
[op.cit. Lemma 1.4, p. 105] are maps

/\2f*TS/k — TX/S and F;(f*TS/k — TX/S
by adjunction correspond to maps
NTsy, — [Txss and  F§Tgy — fuTx/s

which both vanish because the target is zero. We define Y to be the quotient by this
1-foliation. (]

Remark B.0.2. As the example S = P} and X = P(0s @ Og(1)) — S shows, the
assumption that f.Tx g = 0 is necessary. Note that in this example X /S still descends
along Fg), Zariski-locally on S. To produce examples which do not descend even locally,
one can take X /S a Brauer—Severi variety whose corresponding class in H, éQt(S, G,,,) is not
divisible by p.

Of course, if KSx/g = 0, then the adjunction map T/, — f«f*Tg/; can locally be lifted
to a map u: T/, — ful'x/ (since Tgyy, is locally free). However, for the above proof to
work, we need the lifting v to be compatible with the restricted Lie algebra structures.
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